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PREFACE. 



The matter presented on the following pages is confined to snch 
subjects as the designer mast deal with daily. Equations and 
formalas are pat into sach a form as to afford a ready means of 
application to problems under consideration. Numerical examples 
and data from practice illustrating principles are introduced wher- 
ever it seems that a clear understanding can be brought about in 
this way. The data thus presented have been gathered from 
numerous sources during the last fifteen years. That coming from 
modem practice is always given the preference, however, except 
where the older matter is undoubtedly the most valuable. When- 
ever possible, the results of practice or experiments as presented by 
some engineer or experimenter which fairly well represent the 
general experl6u<^ aluug**tneir lines are given in preference to 
abstract statements. This is believed to be the most satisfactorv 
method, since it affords a means of studying all the facts incidental 
to the particular case, in addition to furnishing information fully as 
well as abstract statements. 

The publications of engineering societies and engineering 
journals have been freely consulted. Much kindness has been 
shown by the representatives of engineering and manufacturing 
concerns, who have invariably been kind in answering inquiries, and 
many of them have furnished valuable data. Whenever possible, 
credit for such information is given in connection with the informa- 
tion itself, but much of it was of such a nature as to make it im- 
possible to separate it from general statements. 

The author desires to express his thanks to all those who have 
so kindly treated his petitions for information. Of those not men- 

• • • 
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tioned in the body of the book Mr. Edw. L. Bateman of Fraser 
& Chalmers aud Mr. Peter Conner of the Gisholt Machine Co. 
have been especially kind, the former in giving information, and 
the latter in giving both information and his time in making 
sketches and drawings of many of the figures. 

The printer's proof of most of the matter closely related to the 
mechanics of engineering has been kindly read by Mr, E. R. 
Maurer, Professor of Applied Mechanics in the University of Wis- 
consin, who pointed oat where several improvements might be 
made and ambignities eliminated. By following his suggestions it 
is believed that the work has been materially improved. 

FOKKEST R. JONES. 
Madison, Wis., January, 1899. 
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FORM, STRENGTH, AND PROPOR- 
TIONS OF MACHINE PARTS. 



CHAPTER I. 

BEARINGS AND LUBRICATION. 

1. Introductory. — In machinery the name bearing, or bearing 
forface, is applied to a part which presses or bears against another 
and moves over it at the same time. 

If the surfaces are dry, or as left by the tool used to finish them, 
they have a strong tendency to abrade, or ** cut," each other when 
the materials commonly used for machine members are rubbed 
together. To prevent this cutting, a lubricating substance, such . 
as oil, grease, or graphite, is introduced between them. 

The necessity of thorough lubrication is often of such vital im- 
portance that the bearing must be designed with especial regard to 
securing a continuous application of the lubricant. 

BEARINGS FOR RECTILINEAR MOTION. 

2. Planer and lathe "ways" or "Vs."— The table or platen of 
a metal-working planer reciprocates on bearings which must give it 
an accurate rectilinear motion in order that the cutting tool may 
form a plane surface, or a curved surface whose elements are right 
lines. The V form of bearing, such as is shown in Fig. 1 at A and 
Bj is most commonly used. In this style of bearing the weight of 
the table, together with the work upon it, is relied upon to hold 
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the table in place. The cutting tool freqnently exerts a side 
pressure tending to force the table off its bearings. The ability of 

15 
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the table to resist this pressure depends on the angle ^, Fig. 2, be- 
tween the sides of the V. It is plain that the smaller this angle the 




Fig. 2. 



greater will be the resistance of the table to being displaced. The 
smaller the angle, however, the greater the total pressure between 





Fio. 3. 



the bearing surfaces. This can be seen by the aid of Fig. 3, which 
represents the way on one side of the table when it is removed from 
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the bed. The load which this V must support may be called P. 
The pressure against each side of the Y is normal to the bearing 
surfaces, friction being neglected. These normal pressures are 
represented by iV'and JV'in the figure. The amount of iV'and iV" 
is found by resolving P into two forces normal to the bearing sur- 
faces. This is done by taking AB parallel to P, and of such a 
length as will represent the magnitude of P according to any 
convenient scale of pounds per inch, or other units, and then draw- 
ing AC and BC parallel to N and N. Then AC ^ BG = N 
according to the scale selected for AB, In the figure it can be seen 
that 

i.r P .OP e 

2" "^ ^'^ 2" ^ y ^^^ 2 • 

The equation shows that reducing the angle between the sides 
of the V increases the total pressure upon the bearing surfaces. 
The angle should therefore be kept as large as possible without 
getting it so great that the table may be thrown from the bed by 
the side pressure of the tool. 

The V form of bearing is self-adjusting for wear, since it 
naturally settles down as the surfaces wear away. 

For ordinary service the V's for a small planer should be made 
with a smaller angle 6 than for a large machine. This is due to 
the fact that, as the size of the planer increases, the weight of the 
table increases more rapidly than the side pressure of the tool. 

Varying the angle does not change the pressure per unit area 
on the bearing surfaces as long as the load P and the horizontal 
projection of the surfaces remain unchanged, for the bearing surface 
is increased in the same proportion as the total pressure. The 
power necessary to move the table increases as 6^ is decreased, how- 
ever, and the wear on the ways is increased, so that the table will 
settle down more rapidly. There is also more liability to abrasion 
with the smaller angle, since localization of the pressure, due to 
unevenness of the bearing surfaces, causes a greater pressure on the 
high parts. 

That the pressure per unit area on the bearing surface is 
unchanged as long as the horizontal projection of the surface and 
the load remain the same, whatever the value of 6^ can be shown 
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in the following manner: In Fig. 3 the horizontal width of the 
bearing snrface OH is 0I\ therefore 



GH=^ GIcBc 



2' 



The total pressure upon GH is Ny whose valne is given in th& 
preceding equation. The pressure per unit area, as found by divid- 
ing the total pressure iV' normal to the bearing surface by the total 
area GH^ is 

N F 
2 



GH 



csc^ 






This shows that the pressure per unit area is always equal to th& 
quotient obtaineil by dividing the load supported upon the bearing 
surface by the horizontal projection of the surface, and is therefore 
not affected by the angle 6, The other half of the load F is sup- 
jH)rted by the opposite side of the V. 

The angle ff is generally about 90^ for planers having an opening 
from IG inches to 24 inches square between the housings, table, 
and rail. A bearing surface 1 inch wide for the 16-inch, and 1| 
inchea wide for the 2-l-inch, planer keeps in good condition under 
Onlinary service. Planers for special work, where the piece to be 
nmohiuoil is couiimratively light, and the side pressure of the tool 
hiHivy, should have the angle smaller than 90°, and the width of 
tho Uniring surfaces greater than for the larger angle more com- 
monly U8tHL TIte greater width of the bearing surfaces is necessary 
to koep down tho pressure per unit area on the bearing. Heavy 
plaiier« have V angles of 110^ or more. 




V^x\ 4. 



l^ji. i *how* a |>air of Kv» \\>mmonly us^fii bwtfings for a planer 
or othor ixv^jxriH^itiivif UW\* which i$ ivirtly hrid in place by its own 
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weight. The catting tool cannot displace a table having this form 
of ways, except when a heavy side pressure is applied against a piece 
of work at a considerable distance above the table. The pressure 
on the horizontal part of the bearings is eqnal to the load, instead 
of being greater than the load, as in the case of the Y bearings. 
This is an advantage, since it reduces the liability to abrasion. 

The strip C is adjustable horizontally to allow for wear on the 
vertical surfaces. If attached to the bed as shown, it can be set so 
as to give the table a snug running fit from end to end of the bed, 
even though the wear near the centre of the length of the bed is 
greater than at the ends, as is generally the case. 

Fig. 5 shows a form of bearing used upon one side of the table 




Fig. 5. 

of a planer taking work 120 inches square.* The flat angle of 150° 
is sufficient to hold the table in position when making the return 
stroke, or when the tool is taking a light cut. The sides of the 
way, which make an angle of 8° with a vertical line, or 16° with 
each other, prevent displacement of the table by a heavy side 
pressure of the cutting tool. On account of their angularity, no 
adjusting device is necessary to take up side wear, for the settling 
of the table in the ways makes this adjustment. 

V-form bearings can be continuously lubricated by placing 
oil-pockets, of the form shown in Fig. 6, along them at intervals. 
This pocket is simply a recess cast into the bed. A double-cone 

* Used by the Wm. Sellers Co. Sketch kindlj furnished by them. 
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roller RR is placed in the pocket bo as to be parti; enbmerged in 
oil. The angles of the coaes are such that they will fit the table 
Vs. The roller is supported at the ends by bearings EE which are 
held up by some means, as springs or connterweights, so that the 
roller will press lightly against the V as the table paBsee over the 
roller. The slight frtctional resistance between the snrfaces tams 
the roller, so that the oil adhering to it is carried np to the V. 




Suitable meaiis should W pn>viiJod to prevent the roller from being 
nuMHl UH) high wlii>ii tlu> table pttiises from over it. After the oil is 
tluiK pliuW on the N', ooiue of it is carried betweeu the bearing 
snrfaiH's by tho luolioii of the table. Th« pressure between the 
snrfHiMia }^>nttnt]lr !i>)iiet>i(>s' the oil out, moft of it going to the 
(:T\w»t ttt tin* iH'ttoni of the V, and then tlowing Iwck to the oil- 
|Hvkt>t; a suirtllor inirtion is forx^nl out at the top into the grooves 
(•'ti', aii<l oitluT llowsaloui: th^v<^> prvxivt-s l>ai'k to th*- pockets or 
n>n» tii>wii tho iiioliiuHl snrfaiHV of tlio K^arings when the table 
jvkit^v' fr\>iu I'^tT llit'iu. Tin* srv^tirc ai iho bottom of the V not 
only wrvi^ fi>r an oilvliaiuiol, but atTorvts a $|)acv into which par- 
tioW *>( fivwiiiii siilwiauvx-s may Iv s>.-rapi>l frv*ni the exposed bearing 
jurfa^vn of till' Nsl by the o«ui of tb* table V as it pa^s^^ over tbem. 
K'.ai N>ari»j;s v-ao Iv l«bri>.-at<>'. in the :i»me manner. In this 
*■»!» a pa:r of ilaiv^Wtl i\*llers. as .V.%\ Vij:. 7, mo«nt«d on the 
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aune spindle and forced lightly toward each other with a spring, so 
aa to bear agaioet the vertical part of the bearing, give good service. 
The taxxa of the flanges on the inner sides at /'and F should be 




corragated or indented, or the flanges perforated with small holes, 
to facilitate the carrying of the oil op to the ways. 

The waya or V'a forming the beturings between the carriage and 
bed of an ordinary engine-lathe commonly have the form of an 
inverted V, aa shown in Fig. 8. The pressnre of the cutting tool 

I CARRIAOE I 




against the work often has a tendency to throw the carriage from 
tbe bed. Since the carriage is comparatively light, clamps are 
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necessary to hold it in place. The V's can therefore have such an 
angle as will allow the carriage to rest on them withoat pressure 
against the clamps when the tool is taking a light cut, but the 
clamps may come into service when a heavy cut is taken. 

The angle 6 is commonly made 90° or less on engine-lathes for 
ordinary service. The width of the bearing surface on each side of 
the V is about f of an inch to IJ inches for a lathe which will 
swing a piece 24 inches in diameter. 

Any device for lubricating the ways of lathes, other than putting 
oil on by hand, is seldom or never provided. The very frequent 
cut and grooved appearance of the V's of lathes seems to indicate 
that some simple and inexpensive method of applying oil, such as 
an oil-saturated porous pad fitting into a recess in the carriage, 
might be advantageously used to prevent excessive cutting. A 
great part of the cutting is undoubtedly caused by particles of the 
turnings getting between the bearing surfaces. The only preventa- 
tive for this is to provide some protection for keeping the V's free 
from such foreign matter. 

3. The bearings for the ram or tool-carrier of a shaper for 
metal working must guide the ram positively, so that it cannot be 
thrown out of position by a heavy pressure against the cutting tool 
in any direction. Fig. 9 is an end view of a common form of bear- 
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ing for this purpose. The ram reciprocates in the part B^ which 
may be either the frame of the machine or a carrier for the ram, 
according to the design of the shaper. 

In order to take up wear on the faces EF and /T/, the clamp D 
is removed from tlie machine and a light cut taken off the surface 
J?/, and the clamp is then replaced. Another method is to plane 
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B a little lower at JE than EFv^ndi place ** shims " or ** liners '' 
of thin sheet metal or paper between D and B on the surface JE\ 
as wear occars some of the shims are removed and the clamp drawn 
down tight again. It is essential that the clamp be firmly held 
against the part B, Wear along the surface KL and MN is taken 
np in the same manner by catting away the surface NO^ or by 
removing liners which had been placed between the clamp and 
part B. Wear along EH and LN is taken up by the set-screw 5, 
which is used to force the clamp (7 against the ram. 7^ is a lock- 
nut for holding the set-screw in place, the cap-screws U being 
loosened for this purpose. 

Another form of shaper-ram bearings that has been much used, 
but which seems to be giving way to that just described, is shown 
in Fig. 10. The bearing surfaces are EF and HI on one side, and 




Fig. 10. 

the similar surfaces on the other. The objectionable feature of 
this bearing is that, on account of the wedge-like form of the 
bearing surfaces, which make the angle 6 with each other, the 
pressure between them is apt to be so great locally that cutting will 
occur. Otherwise this bearing presents the excellent feature that 
it can be adjusted for wear in all directions by simply lowering the 
clamp C slightly, or by forcing it towards the ram with a row of 
set-screws placed as the one at S in Fig. 9. 

The angle ^, Fig. 10, is commonly from 30° to 45° in practice. 

The width of the bearing surface EF is about 1 inch on a 
shaper having = 30° and a maximum stroke of 18 inches. 

Another method of taking up the side wear in a ram having 
bearing surfaces at right angles is shown in Fig. 11, where the 
bearing strip E is held against the ram by a line of set-screws 5, 
each provided with a lock-nut. Some method of preventing end 
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motion of the strip must be supplied. This may be done by having 
the end of one or more of the screws made cylindrical, so as to fit 
into a small hole in the strip. Screws with conical points, fitting 
into conical countersinks in the strip, will hold it in place, but the 
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Fig. 11. 

strip has a tendency to slip off the screws, thus causing unnecessary 
pressure between the rabbi ng surfaces. 

On account of the thinness of the strip, the pressure is some- 
what localized at the set-screws. The consequent wearing away of 
the strip more rapidly at these places than between them, makes it 
necessary to spring the strip by setting up the screws, in order to 
hold the ram rigidly when taking a heavy cut. This causes a con- 
stant pressure of the strip against the ram, even when on the 
return stroke. The consequent wear and loss of power are dis- 
advantages. 

Another method of adjusting the bearing strip, which almost 
entirely prevents its springing so as to press constantly against the 
ram, is to tap the screws into it and allow them to pass through 
smooth holes in the frame; liners can then be placed back of the 
strip, and the screws tightened to hold it back firmly against them. 

4. For planer-saddles, lathe tool-rests, and similar parts, where 
one of the sliding parts is much longer than the other, the ** gib '* 
shown at G in Fig. VI can be conveniently used. In Fig. 12, B 
may bo taken to represent a portion of a planer cross-rail with the 
upper portion of the tool-carrying saddle resting upon it. The gib 
is tapered on two sides, from end to end; the other sides are 
parallel. One of the sides forming the taper rests against the 
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corresponding sloping sarface of the saddle, and the other against 
the rail. A stud S, tightly screwed into the saddle, and having 
two lock-nats 7^ and T^ is nsed for adjusting the gib so as to secure 
the desired fit between the moving parts. Wear on the vertical 
faces is taken up by the clamp C. The dead weight of the saddle 
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and the parts appertaining to it is carried on the horizontal sur- 
face under the gib. The taper of the gib is generally between i 
and f of an inch per foot. 

The tool-slide which moves on the carriage of a lathe may bo 
made with a gib 6^, as in Fig. 13. Here the gib bears against tho 
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Fig. 13. 

inclined surfaces so that, by adjusting it alone, wear in all directions 
is taken up. The taper of the gib may be the same as for rectan- 
gular bearings, viz., i to f of an inch per foot. 

The angle generally lies between 45° and 60°. For a lathe 
which will swing 24 inches in diameter, EFxm,y be 1 inch, and 
FHH inches; for one swinging 12 inches in diameter, the corre- 
sponding dimensions are f inch and 1 inch. 

Another device that is often used for rectangular bearing sur- 
faces is that of Fig. 14, where the right-angled piece &, resembling 
a box-square, is adjustable with both a vertical and a horizontal row 
of set-screws, thus compensating for wear in all directions. 
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The thin strip Ey Fig. 11, can bo used on angular bearings sach 
as shown in Fig. 13. If the set-screws are kept at right angles to 
the outer vertical side of the slide, their points should be either 




Fig 14. 

conical, so as to have line contact with the side of the strip, or else 
should be fit into a hole drilled into the strip. The object in both 
these cases is to get as much contact surface between the points of 
the screws and the strip as possible, in order to prevent crushing 
the metal at the place of contact. 

Another method of adjustment is shown by the dotted lines at 
the left side of Fig. 13. This is by using an angular strip EFKL 
which bears against the surface LK of the slide, and is drawn 
upward by screws passing through smooth holes in the slide and 
into the threaded holes of the strip. Or, leaving the slide solid, as 
indicated by the full lines, the same device can be used on the rest, 
the strip being EFlJ'va this case. The screws must be put in from 
the opposite direction for this construction; they are not shown 
in the figure. The gib should be placed, when possible, where it 
does not receive the pressure of the cutting tool. 

5. Cross-head guides for engines, pumps, and similar machines 
having a crank and connecting-rod, are frequently made of the 
form shown in Fig. 15, which is an end view of the guides BB and 
piston-rod A. The bearing surfaces are at CDE and FOIL They 
must take the pressure due to the angularity of the connecting-rod 
with the piston-rod, this pressure being in either direction along a 
line DG, not drawn. Since there is very little or no side pressure 
at right angles to DO, the angles B can be made large. Adjust- 
ment for wear can be made either by moving apart the bearing 
surface of the cross-head or bringing those of the frame B together. 
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To do this, the croes-head mEst either be made of several pieces, or 
the goideB made of Bepsrate pieces and attached to the frame. 

Fig. 16 shows another form of crose-head guides. The bearing 
sarfoces here are parte of cylindrical SQrfacee, which are represented 
as arcs of circles in the figare. The centres of these arcs are at 
and 0' on a line through B and B', the radial distances OB and 
CfB' being less than b^f the distance BB' between the bearing snr- 
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faces. It can be readily seen that this couatraction prevents the 
croes-head from rotating abont A. 

In contrast with this construction for preventing the turning of 
the cross-head in the guides, some prominent engine-builders bore 
the gnidea concentric with the cylinder, in order to allow the cross- 
head to adjust itself to the crank-pin and connecting-rod. 

Flat bearing surfaces normal to the line BB', Fig. IG, are fre- 
qnently tieed for cross-head bearings. In order to prevent lateral 
motion the cross-head generally extends over the edges of the 
guides and has a bearing against their sides. 

6. The relative length of sliding bearings for rectilinear 
motion, and their positions at the ends of tiie stroke, shonld be taken 
into consideration when designing bearings which must perform 
considerable service during the life of the machine of which they 
form a part. The guides and cross-bead bearings of an engine or 
pomp may be taken as an example. It will first be assumed that, 
at the end of the stroke, the cross-bead, which is mucli shorter than 
the guides, does not reach the ends of the parallel faces of the 
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guides. The resalt is that shoulders will be formed just where the 
end of the cross-head stops, because the material will be worn away 
up to that point, but not beyond it. This may be a very serious 
fuuU. If the cross-head shoes are lengthened, or the guides 
shortened, so that the end of the shoe will just reach the end of the 
guide at the end of the stroke, no shoulder will be formed, but 
the wear will not be so great at the ends of the guides as back some 
distance, for only a ver}' small portion of the length of the shoe 
rubs over this part of the guide. A cross-head running between 
parallel guides in this manner will therefore wear loose at the 
middle of the stroke while still having a close fit at the ends. By 
allowing the cross-head to pass over the ends of the guides the wear 
throughout the length of the latter becomes more uniform, but still 
greater at the middle than at the ends. 

Uniform wear from end to end of the guides can be secured by 
making the cross-head of the same length as the stroke, and running 
it on guides of its own length. By this means half the length of 
the cross-head will project beyond the guides at each end of the 
stroke, so that the length of bearing surface passing over each end 
of the guides, for a movement from one end of the stroke to the 
other, is one half the length of the cross-head; the whole length of 
the cross-head passes over the middle of the guides for the same 
motion. The tendency is ordinarily for the wear to be more rapid 
at the centre than the ends. This cannot occur, however, with the 
long cross-head, since it either covers the entire length of the 
guides or, when not at the centre of the stroke, presses more heavily 
against the guides towards their ends than at the middle. The 
grout length of the cross-head is apt to be more objectionable, 
however, in most cases, than irregular wear of the guides. 

HKAKINlJS von KOTAUY MOTIOX. 

JoNrnalSy lioxcn, and JoNrnnl-fitanngs. 

7. Deflnitions.— When two parts of a machine rotate with 
regard to each other, as a wheel and it^ axle, the part of the one 
which is enclosed by, and whose surfju^o rubs against, the other, is 
called the journal; the part which encloses the journal is called 
the box, or, less speoifuMilly, the "bearing." The name ''bear- 
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ing" or journal-bearing is very commonly applied to the whole 
assembly of parts embodying both the journal and its box. 

8. The cylindrical journal-bearing is the most common form. 
When the pressure upon it is always in nearly the same direction, 
the box may be made to extend only partly around the journal. 
The boxes used on the axles of railway cars f arnish an example of 
this kind. These boxes encompass about one-third of the circum- 
ference of the journal. This is sufficient to hold the axle in place, 
and furnishes almost as much efficient bearing surface as if the box 
covered half of the circumference of the journal. 

A difficulty that sometimes assumes serious proporfcions is liable 
to be met when a box, extending half-way around the journal, is 
nsed, especially if the box is well fitted to the journal before going 
into operation. The nature of this trouble can be described with 
the aid of Fig. 17, in which B is the box and A is the supporting 




Fig. 17. 

frame. Before operation the box is of the form indicated by the 
full lines, the semicircle CO just fitting the journal. When the 
journal is rotated in the box, the latter is apt to have a tendency to 
take the form shown by the broken lines, the points CC trying to 
approach each other. This action causes the sides of the box to 
press unduly hard against the journal. The result is increased 
frictioual resistance and wear between the rubbing parts. 

One remedy for this is to make a very loose fit along the surfaces 
near C and C. Another and more certain one is to provide some 
means for holding the box back against the frame so that the parts 
CC cannot move away from it; this may be done with bolts passing 
through the frame and into the box, or by dovetailing the sides of 
the frame and box together. 

When the pressure acting on a bearing is reversed, as indicated 
by the arrow-heads in Fig. 18, the box must generally completely 
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surroand the journal. The adjustment for wear under such con- 
ditions should be in the direction of the forces. For the vertical 
pressures in Fig. 18 the separation should be on a horizontal plane 
through the centre of the journal. The short lines at D and D 
show the separation on this plane. The small shoulders at the ends 
of these lines are to hold the cap C in the proper position. Ad jus t- 
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ment is made by bringing the cap down nearer the frame as wear 
occurs. Liners placed between the cap and frame may be removed 
for this purpose, or some of the cap or frame cut away. If the 
pressure is horizontal and reversed, tlie separation should be made 
on a vertical plane. 

In many cases the wear is both vertical and horizontal. The 
horizontal steam-engine with its heavy fly-wheel furnishes an exam- 
ple of this. The downward pressure caused by the weight of the 
fly-wheel, as indicated by the vertical arrow in Fig. 19, wears away 
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the bottom of the box. The pressure, indicated by the horizontal 
arrows, is due to the steam-pressure on the piston ; this causes wear 
on the sides of the bearing. When close fitting of the running 
parts is not of great importance, a box divided at an angle with 
both lines of pressure, as shown in the figure, can be adjusted with 
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a ffiir degree of aatiaftiGtion. For more accurate a<]jnstinent tite 
box must be Uivideil into three or more purts. 

Fig. 30 shows II box divided into four pnrts, atid Jidjuatable 




both vertically and boriiiontrtiiy. The four parta of the box, <7, D, 
£*, and F, are enclosed by the frame A and the cap B. 1 tig wedgo 
/, at the bottom of the box, ia used for the vortical adjustmeiit, the 
top (-' lieing held down by the cap B. The side screws O and G 
are for adjusting the aide pieces E and F liorizontally ; these screws 
are nimle with enhirged ends, for bearing against the sections of 
the box, in order to prevent cruBhing of the metal where they come 
in contact. With a box of this form the axis of the journal can 
always be kept in tlie same position, whatever the direction of the 
wear. This \» an important consideration in some clashes of 
maciiinery. 

A unique and very compact adjustable journal-box is shown in 
Fig. 21.* It consistB of an outer shell or ruHing A encloging an 
adjustable lining B, made in two parts. Both the shell and the 
lining have the same eccentricity, so that when the lining is placed 
in the shell with the thickest jiart of one next the thinnest part of 
the other, the outer surface of the shell and inner surface of the 
lining are concentric. The complete box can therefore be pluce<l in 
a hole bored in the frame of a maciiiue, and turned about its own 
axis without displacing the axis of a jonrnal fitting into it. The 
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lining does not completely encircle the journal, but the circumfer- 
ence is completed by a wedge D at the thickest part, together with. 
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thin strips or liners C placed at the thinnest part, when the bearing 
is new. As wear occurs these strips are removed from the thin 
side and placed alongside the wedge, thus reducing the diameter of 
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the bore of the box, and at the eame time moving the centre of the 
bore slightly nearer the wedge eido of the bearing. By placing the 
thin aide of the bearing where the greatest wear occurs, each 




adjnatnient of the lining tends to bring the jonrnal back to its 
original position concentric with the outer snrface of the shell. 

Wbeo bat a slight adjustment for wear on the joarnol and box 
is required, and compactnees is desired, the one-piece box of Fig. 
32 is Mrrioeabte. The box B is made of a single piece, cylindrical 
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in the bore, and coned on the central part of its oater surface to 
fit the conical hole in the frame A of the machine ; it is cut through 
at (7, /), and By from the large end to near the small one; the ends 
are tlireaded for nats F and 0. When new, these nuts are adjusted 
so that the inner snrface takes the circular form and size to which 
it was bored when the box was solid. In order to take up wear on 
the rubbing surfaces, G is loosened and F tightened so as to draw 
the box into the frame, thus springing the sides together so as to 
diminish the diameter of the bore; G is then tightened to hold the 
box firmly in place. 

Fig. 23 represents what is probably the simplest form of adjust-- 
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able box that can be devised. Tlie slot S, cut along one side, allows 
it to be adjusted by the cap-screw T, This design is also frequently 
used where it is desirable to have a pin })ass easily through the bore 
when putting the parts together, but held tightly in place during 
the operation of the machine. 

In ordtM' to prevent excessive etui motion of a journal in its box, 
collars are fre<|ueiilly }»laced at the euil of the journal, forming a 
part of it, as in Fig. *-i4. It frequently occurs that if the collars 
are fitted so as to allow free ruuning, but no end shake, of the 
parts, there will be excessive pressure and binding between the 
collars and the box when the machine is put into operation. Thia 
is probably due to the fact that the heat generated by the rubbing 
of the surfaces over each other raises the temperature of the thin 
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shell more rapidly than that of tbe journal, consequently expanding 
it more rapidly, and causing it to press against the collars as stated. 
The higher coefficient of expansion of the material of the box may 
also have a slight tendency to increase the binding when a material 
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having this property is used. The remedy is plainly to make a 
loose fit when constructing the machine. 

A bearing having a journal with a single collar is shown in Fig. 
25. This is a form that is used on the spindle of a lathe where it 
rests on the head-stock at the end next the face-plate or live-centre. 
A smaller adjustable collar is placed at the other end to keep the 
spindle from moving endwise, toward the right in this case. 

9. Self-aligning bearings are desirable in many classes of ma- 
chinery. Fig. 26 represents a common and compact form. The 
outer surface of the box or sleeve B is partly made up of a portion 
of the snrface of a sphere. The supporting part A has a concave 
spherical surface to conform to that of the sleeve. This device 
allows the axis of the sleeve to adjust itself in line with the journal, 
and maintain such adjustment, even if the shaft of which the 
journal forms a part is temporarily sprung, or permanently bent so 
as to wabble. Movement of the support A has n6 effect on this 
alignment of the box. Some means of preventing the box from 
rotating in the support must be provided. This can be done by a 
pin C fitting tightly in the sleeve and loosely in the support. 

It is not necessary to have the spherical surface extend com- 
pletely around the sleeve; two diametrically opposite segments of 
the surface can be used, as shown in Fig. 27, where B is the sleeve 
having the spherical segments under the spherically concave points 
of the two screws (7 and (7, which are supported by the frame A, 
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The lips D and Z>, extending aroand the segments, prevent the 
sleeve from rotating, by striking against the end of the screws. 
(See also Fig. 29.) 
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A self-aligning bearing can readily be made without the use of 
s spherical surface, but it is necessarily not so compact. Fig. 28 
shows snch a bearing, which is also adjustable both vertically and 
horizontally. The sleeve B is supported on the points of two 
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coaxial screws which pass through threaded holes in the extremities 
of the arms of the yoke C; the lower part of the yoke passes through 
a smooth hole in the supporting frame A^ and has lock-nuts D and 
D for adjusting and locking it in place, still leaving it free to turn 
in the frame. 
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10. Lubrication of journal-bearings. — Either of the three forms 
of lubricants — liquid, pasty, and solid — may be applied to a journal 
bearing. The liqnid lubricants consist chiefly of oils, the pasty of 
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grease, and the solid of graphite. The oils are by far the most 
commonly used. 
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11. Oil- and grease-lubrioation for journal-bearings. — Both 
experimental investigation * and practice show that when an oil- 
lubricated journal is ran under a uniform load, constantly applied 
in the same direction, a film of oil adheres to the journal and is 
carried between the rubbing surfaces, unless the pressure between 
these surfaces is so great as to squeeze or rub it off. As long as the 
film of oil is maintained between the rubbing surfaces, the lubrica- 
tion is effective; but when the oil is so completely squeezed out, or 
barned by the heat due to friction, as to break the film and allow 
the metallic surfaces to come into contact, abrasion and consequent 
seizure or destruction of the surfaces follow. Seizure can occur 
only when the box completely or nearly surrounds the journal, and 
is sufficiently rigid to grip and hold it when the metals come into 
contact. Probably the seizure is often due to sudden heatiug and 
expansion of the material forming and lying jast beneath the rub- 
bing surfaces, when the lubricant has ceased to separate them. 

The film of oil must withstand the greatest pressure that occurs 
at any part of the bearing. If a box presses vertically downward on 
its journal, the maximum pressure will usually be at or near the top 
and centre of its length. From this point the pressure gradually 
decreases towards the sides and ends. 

If a hole is drilled in the middle of the box at the top, so as to 
communicate with the atmosphere, the oil will be forced out of it 
as the journal turns. If a pressure-gauge is attached to the open- 
ing, it will show the pressure acting on the oil at that place,f which 
is probably about the same as would exist if the hole had not been 
made. Any attempt to introduce oil at this point in the usual 
manner, as with a drip-cup, would clearly be unsuccessful. Even 
if a groove were cut along the top of the box for some distance, but 
not reaching the ends, it would only collect the oil and force it up 
through the opening. The oil must therefore be applied at some 
other place. If an oil-cup which gradually feeds the oil on the 
bearing is used, it will give the most satisfactory results when the 
opening through the box is on the side where the surface of the 

• Tower's experiments : Proc. Inst, of Mech. Engrs., 1883, p. 682 ; also 
other experiments. 

f Tower's experiments. 
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journal is approaching the top or point of highest pressure of the 
rubbing surfaces. This applies especially to boxes which only partly 
surround the journal. If the box completely encircles it, satisfactory 
lubrication can be obtained by applying the oil at any point where 
it will pass through the opening to the rubbing surfaces, provided 
suitable oil-grooves for distributing the oil over the surfaces are 
cut into eitlier the box or journal, or both. Such grooves are 
gonorally cut into the box. 

When a ** half-box," as one which covers only ha^f or less of the 
circumference of the journal is called, rests on top of the journal, 
it can be lubricated very successfully by letting the lower part of 
the journal run in a reservoir of oil. This is called oil-bath lubri- 
cation. The oil adhering to the journal is carried up between the 
rubbing surfaces and thoroughly distributed over them. If the 
half-box is placed under the journal, the oil can be most success- 
fully applied at the top. 

Oil-pad lubrication is an excellent substitute for bath lubrica- 
tion when the latter cannot be advantageously applied on account 
of wjisto of oil or inability to provide a suitable reservoir for retain- 
in>j: it. The oil-pad may be made of a piece of porous woven 
nuvtorial whioh is satunited with or dips into oil and pressea 
against the journal. An excellent, and at the same time compara- 
tivoly inoxponsivo, nuitorial which is used instead of the woven pad, 
is iho cotton ** wjvsto '' so commonly used for cleaning machinery. 
It is almost wholly, possibly wholly, used in this country for lubri- 
oatinjr car-axlo journals. The waste and oil are placed in a closed 
box bonortth iho jouriuil, tilling the space so that there is good con- 
taot bot\viM>n tho waste and journal. The capillary action of tho 
wasto carries tho oil to the journal in sufficient quantity to lubri- 
0;Uo it, 

Mr. K. Charbal states that wtH>llon wiokinir w;i;s found better and 
moro ^vonomioal than ootton for railway service, the delivery of oil 
bein^: f!\>n\ MH to \OkH belter, and the renewals only GS<3^ of those 
for eotton.* 

^^lule o\|H^rimeniin^ with a ]v^l-lubrioAtevi journal 4 inches in 
tliaiueier and S in**hes louj:, running .n^Tainsi a ** half>box "" at 266 
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revolations }>er minate nnder a total load of 15132 pounds = 756.6 
pounds per sqaare inch of projected area, Mr. John Dewrance found 
aTacanm of 28.4 inches of mercury, corresponding to 13.9 pounds 
per square inch between the rubbing surfaces, at a point where 
the rotating part had passed the position of maximum pressure.* 

The nature of the nibbing surfaces of a bearing is of impor- 
tance. In general it may be stated that the smoother they are the 
more satisfactory service will they give. It has been found that by 
burnishing the surface of a journal with a* roller burnisher pressed 
hard against it while rotating in a lathe, so that the burnisher 
rolled on the bearing surface, the f rictional resistance to the rotation 
of the journal when placed in its bearing was lowered and more 
satisfactory operation secured. It is the practice of the C, M. & 
St. P. Ry. to roll the journals of their car-axles while turning the 
wheel-fit in the lathe. It is found decidedly beneficial. 

In contrast with the above, it is not an uncommon occurrence 
to find that a journal, turned and finished in the ordinary manner 
by polishing or grinding, which runs hot despite the best attention 
and care in both its manufacture and operation, can be put into 
satisfactory working order by rubbing it with emery-cloth so as to 
make the scratches of the emery parallel to its length; a file has 
been used satisfactorily for the same purpose by draw-filing the 
journal so as to make the scratches of the file parallel to the axis of 
the journal, as with the emery-cloth. f 

There seems little reason to suppose otherwise than that the 
smoothest, truest surface that can be obtained is the best for a 
bearing, both in point of low frictional resistance and great dura- 
bility. But if the surfaces fit very truly together over a consider- 
able area which has no oil-grooves or other indentations, the oil may 
not be carried between them in sufficient quantities for satisfactory 
lubrication. It is in such a case that the scratches of the emery- 
cloth or file have a beneficial effect. The scratches act as little 
reservoirs or pockets which carry the oil in between the surfaces and 
distribute it over them. An increased number of oil-grooves in the 
bearing, properly arranged, or a few in the journal, so as to cut the 

* Minutes of Proc. of Inst. Civ. Eng., vol. cxxv., p. 362; Engineering, 
London. Jan. 1, 1897, p. 29 ; 7%€ Engineer, London, Jan. 8, 1897, p. 42. 
f Trans. Amer. Soc. Mech. Engre., vol. vi., pp. 849-857. 
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rubbing snrfaces into small areas, ^onld doubtless have the same 
effect as the numerous scratches. Oil-grooves, sufficiently large not 
to fill with dirt and gummy oil, should be provided plentifully in a 
))earing having considerable area and doing heavy service. It might 
seem that this should be applied to railway-car boxes. Th'fere is a 
reason why it could hardly be successfully done, however, without 
objectionably great expense. The reason is as follows: Owing to 
the nature of the service they perform, it is scarcely possible to 
examine the rubbing surfaces of the bearings from the time the 
boxes are put in place until they are worn out. The allowable wear 
is BO great that grooves of a practicable depth would be worn out of 
the box long before it had completed its life. And even if this were 
not true, the probability is that the grooves would be filled with 
dirt in a short time, and thus become useless; this is also true of 
grooves cut in the journal, which is a less desirable place. 

An intermittent or a reversed force, causing pressure on a bear- 
ing, offers an opportunity for the lubricating oil to get between all 
parts of the rubbing surfaces. On account of this beneficial action 
greater bearing-pressure can be used than for a constant pressure in 
Olio direction. "Jliis is markedly shown in practice in the main 
bearing and crank-pin of the ordinary form of double-acting steam- 
enirine.* 

For very heavy, continuous bearing-pressures and slow speeds 
grease is better than oil for lubricating journal-bearings. The 
greater viscosity, or '* body," of the grease prevents it from being 
s(|iieezed out froni between the rubbing surfaces as quickly as the 
tliinner oil, and slow speeds do not carry the oil in between the 
nihbing surfaces with sufficient rapidity to overcome the squeezing- 
ont action. 

In journal-bearings, it may be taken as a rule that the faster 
the speoil and lower the hearing-pressure, the thinner or less viscous 
tlie lubriount that will give the best service. It is frequently found 
that u ehaiigo from a thick to a thin lubricant, or vice versa^ will 
overoon\e ditVioulties of heating and abrasion of a journal-bearing. 

A oase has been cited where a journal which ran hot in its box 
>vhon abundantly 8U]>plied with oil, cooled down and worked satis- 
faotorily when the supply of oil wa^ diminished. 

• Truns. Amer. Svk\ MivU. Kngrs*., vol. vi., p. 856. 
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12. Special devicei for jonmal-liibTicatioii with oil and grease. 
—On acconntof the importance of aecunngaconatant supply of oil 
OD a bearing when working hard, some of the typical appii.incea for 
this purpose are worthy of deacription. One of the simplest and 
most commonly nsed for a bearing whoso journal rotates, is a light 
ring, of a greater diameter than the jonruul, which is iinng over, 
and rests on, t)ie top ot the jonrnal, a part of the top of the box 
being cnt away for this purpose. The lower part of the ring dips 
into a chamber of oil below the journal. Since the weight of the 
riag rests on the top of the journal, the rotation of the latter causes 
the ring to turn also, so that the oil adhering to it is carried up and 
deposited on the journal. Snch a ring-oiling device ia shown in 
Fig. 29.* By providing a largo and deep oil-reservoir, connected 




Fig. 39. 
by niitable cbannels to both ends of the box, so thtit the oil will he 
led back to the bottom, the particles of foreign matter gathered up 
by the oil while passing over the journal have an opportunity to 
settle out, leaving the oil clean for its ne^t apjilication. 

A short, endless chain is frequently used instead o[ the oil-ring. 
It has the advantage that, in certain forms of hearings having the 
box cast in one piece with t)ie reservoir, it can be introihiceil 
throngh a smaller opening than the ring, or even withont any 
eitemal opening through the side of the box. This fact makes it 
especially applicable to line-shaft hoses and similar light Iwarings 
which are not attached to a heavy frame. The point of superiority 
■ometimes advanced for the chain, that it will carry a more copious 



'BeariDg maDufactured by Itice Macliinery Co. 
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supply of oil to the bearing, is hardly worthy of consideration, for 
the ring will furnish an ample supply. 

A recent and apparently excellent substitute for the woven pad 
or cotton waste, mentioned in the preceding section, is a block of 
hard wood, concaved on one end to fit the journal, and having 
broad but very thin slits from this surface to the opposite end, 
which dips into oil. The concave end.is held against the journal 
by a spring, and the capillary action of the slits carries ihe oil up 
to tlie surface of the journal. 

Wicking, similar to that of candles or lamps, is used for lubri- 
cating by placing it so that the lower end is iu oil and the upper 
touches, or hangs over, the journal; capillary action carries the oil 
Tip to the journal. 

When the box of a bearing rotates around the journal, as when 
a pulley turns on a shaft, oil can be readily applied as shown in^Fig. 
30, provided the shaft does not extend far beyond the bearing on 
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one side, at least. A hole is drilled into the end of the shaft as 
far as the centre of the pulley, and then another from the sur- 
face of the shaft to meet it. The oil-cup is attached by a piece 
of pipe which screws into the end of the shaft. This arrangement 
answers when the sliaft is held rigidly in the supporting frame, so 
that it never revolver. If the shaft turns at times, a running pipe- 
coupling can be placed at F and the oil-cup supported by the 
frame. 

A comparatively short box on a long shaft, when the conditions 
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of operation are such that one rotates continuoasly and tho otlier at 
intervals, as a palley on a line- or counter-shaft, presents the most 
difficult of all problems in oil-lubrication. Numerous appliances 
have been devised, but none seems to have come into general use. 
When the parts are not readily accessible, and are comparatively 
light, as line- and counter-shafts and their pulleys in most shops 
and factories, a bearing whose box is made of a material which is 
itself a lubricant, is the most satisfactory (see § 13). A grease-cup 
having a piston which is pressed against the contained grease by a 
spring, so as to gradually force the grease between the rubbing sur- 
faces, is often used when the parts are easily accessible, or heavy; it 
can be used in almost every case, but the attention required makes 
it frequently undesirable. If the hub of a palley can be enlarged 
in diameter without inconvenience, a recess can be made in it, with 
an opening to the journal, and an absorbent pad fitted into it so as 
to press against the journal; by saturating the pad with oil at inter- 
vals lubrication sufficient for light loads can be secured. 

Grease-lubrication is often used for a bearing whose box does 
not rotate. One of the most common methods of applying it is by 
means of a grease-cup having an opening or oil-hole leading straight 
to the shaft, and a copper or brass pin which partly fills the hole. 
The pin stands vertically, with its lower end resting on the journal, 
being held in contact with it by its own weight. The grease in the 
cup completely surrounds the pin. As the journal becomes warm 
by running, the heat is carried through the pin to the grease, 
warming and melting it, so that it flows down to the journal. The 
slight heating of the pin by its own rubbing against the journal is 
hardly appreciable. While this device can be quite safely relied 
upon to keep the bearing from getting dry and cutting, it does not 
afford economy of power, since the journal must have enough fric- 
tional resistance to generate heat for melting the grease. The end 
of the pin is apt to wear a groove in the journal, which may be 
objectionable. 

A crank-pin which revolves about a crank-shaft in the ordinary 
manner, can be lubricated the most successfully by a device of the 
general natore of that shown in Fig. 31. A hole is drilled into the 
ead of the pin, and another, to intersect it, from the rubbing sur- 
face at aboat the middle of its length ; the latter hole should start 
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from the part most distant from the crank-shaft. A piece of tabing 
is screwed rigidly into the end of the pin, with its free end extend- 
ing towards the centre of the crank-shaft, where a hollow ball is 
attached, the centre of the ball being coincident with the centre 
line of the crank-shaft. A hole B in the side of the ball, drilled 
concentric with the crank-shaft, so as to remain stationary when 
the parts rotate, permits the introduction of oil by any suitable 
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means, as an oil-cup with a drip-tube extending through the hole 
into the ball. After the oil is introduced it is carried out to the 
rubbing parts by centrifugal force. 

The pin of a double crank or pair of disks can be continuously 
oiled by means of a slight modification of the device just de- 
scribed. Fig. 32 illustrates the method. A groove 6' is turned in 
the crank or disk, or a grooved collar attached to it. An oil- 
hole leads from the bottom of the groove to the surface of the 
crank-pin at E, Oil that is put into the groove will be carried to 
the crank-pill bearing when the parts are rotating. The drip from 
the inner end of the crank-shaft bearing B nuiy be thus used for 
tiie crank-pin, or oil can be fed into the groove by a tube leading 
from an oil-cup down to the under side of the crank-shaft. 

Reciprocating journal-bearings, such as that of a cross-head pin 
of a horizontal steam-engine or pump, are most commonly lubri- 
cated by a method represented by the following device: A piece of 
wicking is either suspended from an attachment to the frame of the 
machine, or stretched over a curved surface, and a supply of oil is 
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fed to the wickiug bo aa to keep it completely saturated and almost 
nadf to allov a drop to fall from it. A metallic Bcraper or 
"wiper" is fastened to the parts to be lubricated, which, as it is 
broDght nnder the wicking at each stroke of the moving parte, 
Kmpes or picks some of the oil from it; the oil is led from the 
wiper to the rabbing surfaces throngh suitable oil-ways. 

There are numerous modifications of this device, a notable one 
comiBting chiefly of a thin strip of metal attached to an oil-cop so 




that the oil fed from the cup will gather at the lower end, which is 
pointed. Another thin strip of metal, bent back upon Itself so as to 
almost come together near the ends, is fasteued to the reciprocating 
parts so that the ends will pass on each Bide of the point to pick off 
the drop of oil and then lot it flow down to the rubbing parts. 
These oiling devices are generally placed bo as to act at one end of 
the stroke, thus preventing the throwing of the oil which would 
occar in high-speed machinery if it were picked off near the middle 
of the stroke. 

A leas common device for oiling a reciprocating journal consists 
of a pair of telescoping tnbes, the end of one being fastened to the 
oDtre of the reciprocating pin, and one end of the other to a 
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standard on the frame of the machine. The end of the standard 
to which the tube is attached is above the line of travel of the part 
to be lubricated. The fastenings at the ends of the tubes are made 
to permit rotary motion; this, together with the telescopic action, 
furnishes a means of providing a continuous passageway from an 
oil-cup on the standard to the journal. Suitable holes in the latter 
complete the path for the oil to the rubbing surfaces. 

When the parts to be lubricated reciprocate vertically, an open 
cup can be attached to one of them, and the oil dropped directly 
into it from a feeding-cup on the frame. 

As a precaution against injury to an oil-lubricated bearing, 
should it run dry from neglect or failure of the oiling device, suffi- 
cient grease to lubricate it for a reasonable period is placed in a 
sni table recess formed in the box. As long as the lubrication is 
sufficient to keep the bearing cool, the grease remains; but as soon 
as the temperature rises the grease melts and flows to the journal. 

Oil-grooves should be made with regard to the effective distribu- 
tion of the oil over the rubbing surfaces. If a horizontal journal al- 
ways rotates in the same direction in its box, it is not the best practice 
to cut the grooves longitudinally, for the oil is then aided but 
slightly, if at all, in its flow along the grooves by the action of the 
revolving surface. By cutting the grooves as right- and left-hand 
threads of very rapid pitch, both starting from the oil-hole in the 
direction that the journal turns, the oil will be drawn along the 
grooves by the journal, thus securing both a more rapid circulation 
and effective lubrication. This applies especially to ring- and 
chain-oiled bearings. 

13. Materials for journal-bearings. — As long as a suitable 
lubricant is continuously introduced between the rubbing surfaces 
of a journal and its box, almost any of the metals common to 
engineering practice can be used for these surfaces. Some will 
stand much higher bearing-pressures than others, but this depends 
generally upon the strength of the material. The serious injury 
that is almost certain to overtake many of the metals when copious 
lubrication fails, even for an instant, precludes them from use 
except for slow speeds or light bearing-pressures. Others, while 
running without injury under both speeds and pressures compara- 
tively high, offer so much frictional resistance to the rubbing 
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motion, that the power lost in overcoming it is so great as to be 
objectionable in some classes of machinery. A bearing that is called 
ujH>n to perform heavy service continuously should, and often 
mast, be made of a material, or materials, which will continue to 
ran even though the Inbricatiou is defective, and whose frictional 
resistance to the rubbing of the parts over each other is low. This 
last quality is generally, but not always, a necessity for continuous, 
heavy service; it is always desirable, however. If the frictional 
resistance is high, the material must either have good heat-conduct- 
ing capacity, so that it will carry away the frictional heat, or else a 
special cooling device, such as a hollow box with water circulating 
through it, may become necessary. A crude metliod of cooling, 
which is much used in rolh'ng-mills on the bearings of tlie rolls, is 
to let a stream of water flow over the bearing. This would clearly 
be unsatisfactory where flowing water is objectionable. 

For heavy service, mild steel and wrought iron both run satis- 
factorily on brass or bronze. The journal is generally necessarily 
made of steel or iron on account of the required strength to endure 
such service. Brass and bronze exert a comparatively low frictional 
resistance to the rubbing of the steel or iron over them, and are 
both softer than iron and steel. This latter is an important prop- 
erty for the material of tbe box, for, should the lubrication fail, the 
iron or steel journal will continue to rub over it for a considerable 
time without serious injury to the bearing, this being a not infre- 
quent occurrence with the journals and half-boxes in railway prac- 
tice; or, if the box completely encircles the journal, it may seize 
and stop it without serious injury to the rubbing parts, since the 
softer metal will not cut into the surface of the steel or iron, and 
80 long as the latter remains comparatively smooth, it will not cut 
and groove the softer metal to a serious extent. This cannot always 
be taken as true for the harder grades of the alloys just mentioned. 
Babbitt metal is an excellent alloy for a steel or iron journal 
to run upon. On account of its softness and weakness, it can 
be used only as a lining to a supporting box or sHell, when 
the service is heavy. Its frictional resistance is probably the 
lowest of any material that can be conveniently and economically 
used for joarnal-boxes. It will not injure the journal if lubrication 
fails, and it will not seize upon it. In case of excessive heating, it 
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will melt and run out of the box. This property is sometimes used 
to advantage in high-speed machinery where sudden stoppage by 
seizure would be disastrous. 

Cast-iron boxes for steel and iron journals are quite extensively 
used, especially for line-shafting. The pressure between the 
rubbing parts must be kept low, however, and even then the parta 
are in great danger of serious injury if the lubricant is not con- 
stantly applied. A continuous-oiling device, such as a ring or 
chain dipping in a reservoir of oil, becomes a necessity when the 
speed and pressure are at all high« If abrasion once begins, it is- 
almost certain to injure both surfaces considerably, the cast iron 
generally suffering the most. The appearance of a bearing so- 
injured seems to indicate that a particle of the cast iron is ground 
off and imbedded in the journal so as to slightly groove the box,. 
and then the loose pieces of metal continue the grinding action in 
connection with the grooving, which roughens the surface of the 
journal still more and causes the destruction to go on, cutting away 
the box until the machinery is stopped. The brittle and crumbly 
nature of cast iron makes it exceedingly liable to great injury when 
abrasion once begins. The more close-grained the cast iron, tha 
less liable is it to cutting. In order to keep the pressure per unit 
area as low as possible, cast-iron self-aligning boxes are made very 
long — as long as four times the diameter of the bore, or even 
longer in proportion. 

The comparatively low cost of cast iron, and the ease with which 
it can be cast into form and machined, make it a desirable material 
from the point of first cost; hence the reason for its somewhat 
extensive use for journal-boxes, as before mentioned. 

Chilled cast-iron journal-boxes are used on some classes of 
machinery not requiring accurate fitting of the rubbing parts. The 
bore of the box is cast against a chill which gives it a fairly accurate 
form. On account of the extreme hardness of the chilled surface, 
it is almost impossible to finish it with tools, but it may be ground 
smooth. In its almost exclusive application to the less accurate 
classes of machinery, the chilled cast-iron boxes are used without 
finisliing the bore other than by cleaning it carefully. The hard* 
ness of the surface eliminates the liability to the abrasion and con-^ 
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tinaed catting common to iron which has been cast in the ordinary 
«aQd mould, and against sand or clay cores. 

Cast-iron journals are used on the rolls of rolling-mill machinery. 
Each roll is cast as a single piece, body and ends. The journals or 
necks are cast in sand, so they have the ordinary crystalline struc- 
ture and softness of sand castings. These journals run successfully 
on brass, bronze, or Babbitt-lined boxes. The speeds and total 
pressures are frequently quite high, but the journals are of large 
diameter, so that the bearing-pressure per unit area is comparatively 
low. 

In some classes of metal-working machine-tools, where great 
rigidity is desired, a cast-iron spindle is used, whose journals run 
on boxes of the same material. When so used, the speed of rubbing 
is generally low, and the bearing-pressure per unit area always so. 
If well lubricated at first, the rubbing surfaces soon take on a 
glazed, glass-like surface, which, once thoroughly fixed, will stand 
much neglect in the way of lack of proper lubrication. The same 
is true, possibly even to a greater extent, when the cast-iron journal 
runs on Babbitt metal, or on cast iron and Babbitt metal in alter- 
nate strips. 

Hardened steel, or case-hardened iron or mild steel, journals 
and boxes, ground to form, are used frequently where it is especially 
desirable to maintain accuracy in the running parts. These hard 
parts run well together when the rubbing surfaces are smoothly 
finished. They will also run excellently on any of the materials 
that can be used on steel, wrought iron, or cast iron. Their cost 
is much greater than that of the unhardened materials. 

A self-lubricating material for journal-boxes has been invented 
in recent years. It is made of graphite held together by wood 
fibres. The process of making is to mix together the pulverized 
graphite and wood pulp in a bath of water, run the mixture into 
moulds having the form of the piece wanted, and then subject it to 
heavy pressure, forcing the water out through minute openings in 
the moulds for this purpose. The compressed " fibre-graphite " is 
then treated with oil and baked to give it desirable qualities. The 
material thus manufactured is strong enough to work tinder 
pressures ordinarily required for line- and counter-shaft boxes, 
pulleys, cranjc-shafts of small engines, etc. No lubricant is re- 
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quired or should be used, for the graphite is ifcself a solid lubricant. 
The application of oil or grease to a fibre-graphite box, not only 
does no good, but is harmful. The cause of their harmful action. 
is as follows: The surface of a journal is always somewhat rough. 
When it is first revolved in a fibre-graphite box, this roughnesa 
abrades the box to some extent, and the small particles of graphite 
thus loosened collect in the depressions on the journal, finally filling 
them finsh with the higher parts of the metallic surface, thus form- 
ing the best possible rubbing surface. If oil is now applied to the 
bearing, it loosens these small particles from the journal and floats 
them away, leaving the surface in the original condition; the con- 
tinued application of oil will not allow particles of graphite to 
collect on the journal, and consequently the wearing away of the 
box continues much more rapidly than if it were left dry. 

The fact that the fibre-graphite bearing requires no attention 
whatever when running satisfactorily, and that oil and grease are 
entirely absent, makes it a desirable material for places difficult of 
access, and when oil and grease may be harmful. 

Some of the minerals are used in their natural condition for 
journal-boxes. Probably these are confined to the more close- 
grained ones almost exclusively. They are used without any lubri- 
cant for much the same reason as just mentioned for fibre-graphite. 
When an iron or steel journal first runs on a stone box, the latter 
grinds off the surface of the metal, which lodges in the interstices 
and irregular depressions of the stone, filling them and making a 
smooth surface which works satisfactorily. If oil or water is 
applied, the particles of metal are floated out of the concavities of 
the stone, and the grinding action is again started. 

The action of a stone box and steel journal can be readily under- 
stood by rubbing the blade of a knife over a clean oil-stone until the 
stone becomes glazed and stops cutting or grinding away the steel, 
and then applying oil, thus causing the stone to cut freely again. 

It is believed that no materials except the more precious stones 
are used in their natural state for bearing surfaces in this country. 
These are used only for light machinery, such as watches, clocks, 
electric meters, chronographs, etc. It is said that the spindles of 
large grindstones are quite commonly run on stone boxes in the 
cutlery-manufacturing establishments in England. 
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Joamal-bearings that are sabmerged in water and cannot be 
conTeniently enclosed so as to be lubricated with oil or grease, fre- 
quently have the boxes made of wood. Lignnm-vitae, letterwood, 
and camwood are the varieties chiefly adopted. The former seems 
to be the most largely used. It is generally fixed with the end of 
the grain against the journal. The water itself is a good lubricant 
lor steel, wrought iron, or bronze, running on wood. It is therefore 
only necessary to provide a way for the water to get between the 
rubbing surfaces. This is often done by using thin strips of the 
wood set in a metal frame or casing so as to run parallel with the 
length of the journal, and extending out a short distance from the 
casing toward the journal, thus leaving small passageways between 
them for the water. 

The wood has another point in its favor, which is that there is 
little or no electrolytic corrosion of the journal or shaft passing 
through it, such as is always present when the journal runs on a 
metallic box. This corrosion is greatest in sea-water. It affects 
the journal most seriously at the end of the bearing, a groove form- 
ing around it at that locality. The steel of the shaft, the bronze 
or brass box, together with the salt water, present all the elements 
of a galvanic cell, and it can only be expected that electrolytic 
action will occur. When the shaft and box are in direct con- 
tact, the electrical resistance through the water at their exposed 
surfaces is low, and consequently the electrolysis is rapid. The 
casing holding the strips of wood can be made of the same 
material as the journal, thus reducing or eliminating the corrosion. 
Moreover, the fact that the journal and metal of the box are not 
in direct contact may be beneficial in reducing corrosion, but this 
can be of little moment if the box is supported on metallic fram- 
ing which in any way has contact with the shaft of which the 
journal is a part. 

14. Frietional resistance of joomal-bearings. — If a horizontal 
journal rotates in its box under a vertical load P, and the sum of 
all the elementary frietional forces acting tangent to its rubbing 
surface, to oppose rotation, is /, then / -i- P = yu is called the 
eoefficient of journal friction for the bearing. 

The quantity /may also be defined as the force which must be 
applied to a rotating piece at a distance from the axis of the journal 
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cqnal to its radius, and normal to the axis, in order to keep it rotat* 
ing uniformly. 

In an oil-Inbricated bearing, the frictional resistance partakes 
partly of the nature of the friction between two unlubricated solid 
bodies rubbing over each other, and partly of that of a solid moving 
through a considerable volume of liquid. The value of pi therefore 
lies between that for solid friction of the rubbing materials of the 
bearing, and that of the same surfaces passing through a volume of 
tlie lubricant. Any variation of the rubbing surfaces, the kind of 
oil, or the quantity that is applied, will affect the value of pi. 

Many experiments have been made to determine the value of pi 
and its method of variation with change of speed and pressure. 
Those experiments, made by different investigators, are unquestion- 
ably nearly all, probably all, thoroughly reliable. The values 
obtained for /i, and the method of its variation, are so greatly 
different in nearly all cases that it seems impossible to arrive at any 
dellnito conclusion regarding them. The following facts seem to 
bo fairly well established for mild steel running on brass, bronze, 
or whito-motal alloys, operating under a steadily applied load: 

1st. In an oil-lubricated journal-bearing, the coefficient of fric- 
tion /4 at first decreases as the velocity of rubbing increases from 
xon>, then increases with further increase of speed. The speed at 
which this change in the variation of pi occurs becomes higher as 
tho beiiring-prossuro is increased. 

"<Jd. In lUi oil-lubricateil journal-bearing, the coefficient of fric- 
tion ii docnuisos, rapidly at first, then more slowly, and finally begins 
to inoroi^ae, as the K^ul is increaseil from zero up to the limit of 
working. 

luL In an oil-lubricatoii journal-bearing, for the higher speeds, 
tbo iHH^tVuMont of friction u divre^ise^as the tem|>eratnre rises, until 
tho lubrionnt oiihor Ivoonu^s so tliin as not to sufficiently separate 
tho nibbiUiT surfaiH\5» or is disintogRit4^1; but for low speeds pi 
it\ons»u5t\s jw* tho toin|H^mturx> riso^ 

A »<orii>* of tosu for tho cvvtVioiont;? of friction of the alloys given 
in *lV>lo I wort^ n\{*do bv Mo.>v>5r^ Ji\soph Kuhn and Robert T. 
Mk klo.* l^no journnl o^oh of wnMiirht iron, steeJ, and cast iron 

* '' VAr,*u»M\ x^: iho i\vtt\o;ou\ of Kno;iN\n wiih Piff^rent Lcvkis and Bearing 
M*^*U ' AV^\<y -• V -V^^*-"*^ N*\^ ^5^ *tt^i ^> 1^!*S, {>^ 46$ mad 4^ 
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Table I.* 

COMPOSITION OF BEARING-METAL ALLOYS. PERCENTAGES. 
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Remarks. 



Penn. Ry. standard phosphor- 
bronze. 

Same as A with Q% zinc added. 

Baltimore & Ohio Ky. standard 
bearing alloy. 

Same as with 6f^ zinc added. 

Copper 7, tin 1. 

Copper 6, tin 1. 

Copper 5, tin 1. 



* Engineering News, May 25, 1893, p. 496. 
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TESTS OF FRICTIONAL RESISTANCE OF ALLOY A. 
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76.0 

89.0 

127.5 

85.3 
102.1 
136.0 

89.3 

. 100.9 

137.8 

86.6 
105.4 

91.5 


.0176 
.0199 
.0204 

.0085 
.0112 
.0122 

.0044 
.0074 
.0092 

.0038 
.0025 

.0018 


75.5 

88.0 
112.8 

83.8 

96.9 

123.6 

87.3 

99.1 

133.8 

87.0 
107.9 

94.0 


.0151 
.0181 
.0256 

.0095 
.0076 
.0107 

.0054 
.0065 
.0048 

.0050 
.0042 

.0035 


77.8 

91.5 

115.8 

84.5 
103.0 
129.3 

92.6 
100.8 
133.5 

89.8 
104.8 

92.1 


.0159 
.0179 
.0178 

.0092 
.0103 
.0137 

.0120 
.0078 
.0082 

.0057 
.0040 

.0038 



t Engineering Netott May 25, 1893, p. 495. 
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wa8 used. The dimensioiiB of all vere the same, viz., 2 feet in cir- 
cnmfereiiGe and If inches long. The boxes were each 1.42 inches 
long and 2\l inches wide, the width being measured at right angles 
to the axis of the journal; the projected area was i sqaare inches. 
The joamal was moved endwise -^ of an inch 26 times a minute. 
The lubricant was " Extra " lard oil, as naed by the Pennsylvania 
Bailwsy Company. The results of the teats are given in Tables II 
aad III. 

Table III.* 

COHPARATITB TE8T8 OF BEABINO ALLOTS UNDER PBES8UBE OF 
250 P0UKD8 PEE 8QirABE INCH, AT A 8PEED OF 500 FEET PER 
MINCTE, 





1 
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Wrought- iron J 
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S»U.,r.U. 
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■* 
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A 




105.4 


nR4 


.0025 


107. fl 


41.2 


.0042 


104 a 


22.5 


.0040 


B 




in.E 


51.7 


.0041 


135.8 


47.1 


.0061 


131. ( 


35.2 


.01160 










.0055 


113.5 


20.5 


.0040 


I3S.4 






D 


459 


iia (1 


4H a 


Ami 


117. t 


«H.7 


.0048 


137. t 


85.0 


.0070 


E 


473 


iis.i 


49 a 


,0055 


113.1 


81 4 


.0052 


IIBI 


9.9 


,0074 


H 




111.1 


7.7 


.004! 


iia.f 


26.9 


.0045 


llfl.l 


16.0 


.0066 


1 


rm 


115.0 


a5.7 


.00-13 


"'■' 


32.1 


.OOSS 


120.1 


13.9 


.0046 



■ Bngiturering Xnct, Uay W, iVK. p. 4IS. 

In Table II it can be seen that, for the wroiight-iron jonmal, 
when working under 250 pounds per square inch, fi falls from .0038 
to .0035 when the velocity of rubbing increases from 347 to 500 
feet per minute; evidently the speed at which /j begins to increase 
has not been reached. Tlie same is true for the steel and cast-iron 
joiiruaU for the same pressure and speeds. At a pressure of 125 
pounds per square inch, the wronglit-iron jonrnal seems to have 
passed tlie speed for the change in tlie variation of M from decrease 
to increase; the cast-iron journal seems to have nearly reached the 
turning-i>oint. for /i increases from .0078 to only .0082 when the 
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speed changes from 451 to 865 feet per minate. In nearly all the 
other cases the tarning-point has been passed. There is, as shown 
by the table, a considerable increase of temperatare in all the cases 
of increase of speed, but the rise of temperature runs fairly uniform 
for similar increases of speed. 

It was found, in a test of commercial-power-transmission 
machinery, that the coefficient of friction increased rapidly after a 
rubbing speed of 2.9 feet per second = 174 feet per minute was 
reached.* 

Table II also shows a continuous decrease in /^ as the pressure 
increases for an approximately constant speed. The pressure does 
not reach a value high enough to cause /^ to begin to increase. 

Fig. 33 f shows, for a rubbing speed of 314 feet per minute and 




2000 4000 tfOOO 8000 10000 

LOAD ON AN AREA OF 8 
SQUARE INCHES. POUNDS. 

Fig. 33. 

a temperature of 120° Fahrenheit, a decrease of /^ up to a bearing- 
pressure of about 800 pounds per square inch, and a slight increase 
of /i for increasing pressure above 1000 pounds per square inch, of 
projected area of the journal. 

Fig. 34 shows how /i decreases as the temperature rises, for a 
speed of 314 feet per minute and a load of 1000 pounds per square 
inch of the projected area of the journal. 

A striking example of the effect of the condition of the rubbing 
surfaces upon the coefficient of friction //, has been stated by 
Mr. A. H. Emery. J The materials rubbing together were hardened 

*" Experiments apon Friction in Electric Motors and Transmission Shaft- 
Ing/' by S. Hanappe. Minutes of Proc. Inst. Civ. Eng., vol. cxxii., p. 496. 

t Fig. 88 may be found in Digest of Physical TesU, July, 1897, p. 175 ; Fig. 
84 on p. 174. 

^ Trans. Amer. Soc. Mech. Engrs., vol. vi., p. 852. 
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flteel and non-hardened steel. By changing the hardened-steel 
rubbing surface, which had been ground on a fine, solid emery-wheel, 
to the fine finish produced by a polishing-wheel, ^ was changed 
from 30^ to 3^; the pressure per square inch and the lubricant 
remained the same, and the same pieces of steel were used in both 
caaoB. The pressures were exceedingly high, reaching 50000 
pounds per square inch in some cases.* 

When no liquid lubricant is used, but the solid surfaces of the 
journal and box rub directly against each other, as in the fibre- 




A 8 U 16 IS 

TIME OF RUNNING. MINUTES. 

Fio. 34. 



jrniphito lH>aring, it is probable that there is little, if any, change 
in tho vuhio of u with chango of losul and speed, except such as 
m»Y 1h> ohuschI by deformation of the box, unless there is excessive 
hi\itin^, 

Tho |H»vor xrhioh i$ expcndeii in overcoming the frictional 
n\<istHUvV of :^ journal is tnin:!^formevi into an o<|uivalent amount of 
ht\it !it tho ruMMUiT surfavv:?^ Thi$ heat must l>e conducted away, 
t\rs? l>\ tl\o luVrioant to iho rubbinc j^nrfac^ess when a Inbricant is 
u^i&isL av,xi thtni thrvMiijh the material^i of the journal and box, so 
that w nxav r^aiato, or Ih'' oarrusi aw^ny by some cooling substance, 
aji Nxator* xiht^u sinvial moav^s of \>x<:ni: are providei. The oil, 
r-cTN^foTx^. must haxe. aji or»o of the v^uaV^tiess of a snxxl Inbricant, 
vvu::i>\;oraKo ho<^;-Nvr,o,r,v^:ini: v\^'»Nao::v wher. n^^ for hearv service. 
I: is a'»k>\^ xU>5i:raV>^ howexer. tha; itii uno:x^$ pit^peities shall be 

* Vt, VV,vtx >i*?^vs .V, A rr x;*w ^xvr,.r.;;ir ::,•*: vvt ii*tt lii* i*«smi« was used 
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Buch as to redace the generation of heat to a minimum, thus 
Teducing the power expended in overcoming friction. 

15. Effect of changing the proportions of journal-bearings. — In 
the majority of cases where a bearing is to perform heavy service, 
the diameter is made as small as the requisite strength will permit. 
The length is then made such that the bearing-pressure per unit 
area will be low enough for satisfactory operation. 

In order to examine the effect of changing the diameter of a 
journal, let it be assumed that a bearing, running with a solid 
Inbricant, and designed to operate under a given load and speed, 
heats to excess. It therefore becomes necessary to change its size 
in order to secure cool running. First, assume that the diameter 
is increased, the length remaining unchanged. For convenience 
in pointing out the effect of this change it will be assumed that the 
diameter is doubled. The frictional resistance to rotation =/, 
acting tangent to the surface of the journal, is unchanged ; for the 
coefficient of friction jji is the same in both bearings before excess- 
ive heating occurs, and the load is the same for both. The dis- 
tance through which / acts, during one revolution of the larger 
jonrnal, is twice that for the smaller, li D = the diameter of the 
smaller, and 2Z> that of the larger, jonrnal, the energy converted 
into heat by the frictional resistance during one revolution will be 
nDf for the smaller, and ^TtDf for the larger; that is, twice as 
mach mechanical energy is wasted, and twice as much heat pro- 
daced, in the larger as in the smaller journal. The larger bearing 
has twice as much area of material at the rubbing surface for 
carrying away the heat, as the smaller; therefore the quantity of 
heat to be conducted away per unit area of the material is the same 
for both. This shows that the liability to excessive heating is just 
the same in both bearings, and that, while increasing the diameter 
brings no improvement in the way of cooler running, it doubles the 
waste of energy in the bearing. 

Again, it may be assumed that the length of the jonrnal is 
doubled, the diameter remaining D = that of the original journal. 
The frictional resisting force /is the same as before; the diameter 
is also the same. The mechanical energy transformed into heat is 
therefore the same as before, and equals TtDf. The area of the 
material through which the heat is conducted away from the 
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Crank-pin : 



1= C^ia^^B^ 



(4) 



d = 



EA 

I 



or dl = KA (5) 



The valaes of the constants for the crank-pin are: 



High-speed Engines. 
Mean. Maximum. Minimum. 

P=2.5" 2.5" 2.5" 

(7= .30 .46 .18 

^= .24 .44 .17 



Low-speed Engines. 

Mean. Maximum. Minimum. 

2.0" 2.0" 2.0" 

.6 .8 .4 

.09 .115 .065 



Cross-head pin: 



a = dl = CA ; 



I = Kd. 



(6) 
(7) 



The yalnes of the constants for the cross-head pin are: 



High-speed Engines. 
Mean. Maximum. Minimum. 

C= .08 .11 .06 

K = 1.25 2.0 . 1.0 



Low-speed Engines. 
Mean. Maximum. Minimum. 
.07 .10 .054 

1.8 1.5 1.0 



Problem in the design of journal-bearings. — The application 
of the above formulas may be illustrated in the following problem: 

It is required to determine the dimensions of the main bearings, 
crank-pin, and cross-head pin of a centre-crank engine having a 
stroke i = 14 inches, piston diameter Z) = 12 inches (correspond- 
ing to A = 113.1 square inches), and rated at 100 II.P. for a speed 
Ji = 250 revolutions per minute. 

This comes under the high-speed class. 

Main journals: 



l=Kd=2.2x 5.38 = 11.84". 
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This correspoads to a valae of Jf = .56 in the equation 
dl = MA. 
Crank-pin: 

/ = C^f- + B= .3-^^ + 2.5" = 2.U + 2.5 = 4. 04"; 

^^A-^ ^.24X113.1^ 
/ 4.64 

Cross-head pin: 

dl= a A = .08 X 113.1 = 9.048 sq. in.; 
lz= Kd= l.Ud. 

Therefore ; 

d X 1.25(/ = 1.25^r = 9.048; 
d* = 9.048 -^ 1.25 = 7.238; 
(/=2.69"; 
I = l.2bd = 1.25 X 2.69 = 3.36". 

The nearest convenient working dimensions wonld naturally be 
n?ed in practice. 

With regard to the difference in the allowable working pressures 
for constant, as compared with intermittent, loads, Mr, Babeock 
niade the following statement:* " I found that in crank -pins with 
good fitting I could allow as high as 1200 pounds maximum to the 
square inch; pins, perhaps 4 to 6 inches diameter, running up to 
00 or TO revolutions, would stand that continuously without getting 
▼arm. The main journal of the same engine would not stand over 
3<X) ponnds to the square inch without getting warm." 

Regarding the locomotive Lady of the Lake, Driiitt Ilalpin 
states! that, at the beginning of the stroke, the total pressure on 
the crank-pin 3^ X 3 inches is 28140 pounds, which gives 28140 -^ 
(3 X ^) = 2680 pounds per square inch of projected area. The 
modifying effect of the reciprocating parts is not considered. In 



* Trans. Amer. Soc. Mech, Engrs., vol. vi., 1885, p. 856. 

t Minutes of Proceedings of the Inst. Mech. Engrs., 1883, p. 657. 
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the same engine the main bearings are 6 X 6 = 36 square inches, 
and carry 8 tons each, or 408 pounds per square inch. 

Mr. Beauchamp Tower quotes Mr. Tomlinson as saying that 
300 pounds per square inch is undesirable in locomotive-axle bear- 
ings, while 1000 pounds per square inch, and considerably more, 
can be used on the crank-pins.* 

Mr. Henry Davy states that in pump-bearings, for speeds of 
rubbing up to 12 feet per minute, 600 pounds per square inch for 
continuous pressure in the same direction, and 1000 pounds per 
square inch for intermittent pressures, can be satisfactorily used.f 

In a freight locomotive recently built by the Schenectady Loco- 
motive Works for the Boston & Maine Railroad Company, the 
bearing-pressures, due to the weight of the parts supported, 
calculated from data given in Engineering Review of March 26, 
1808, are: 215 pounds per square inch of projected area for the 
driving-wheel axles, and about 250 pounds per square inch for the 
tender-bearings. The driver-axle bearings are 8 inches diameter 
by 10 inches long; the tender-journals 4i^ inches diameter by 8 
inches long. 

Dr. C. B. Dudley states that in railway practice, bearing-pres- 
sures as high as 350 to 400 pounds per square inch are used. J 

President Joseph Tomlinson of the Institute of Mechanical 
Engineers is recorded as saying: ** The practical limit at which he 
had arrived was 2| cwt. per square inch; and if more than this 
pressure were allowed to the bearings of a locomotive engine, not- 
withstanding their freedom to wabble from side to side, they would 
not run cold. . . . Whenever he had an engine which would not 
run cold, and in which the weights upon the bearings could not be 
changed, he had put a bigger axle in and thereby cured the heating 
directly." § 

Several of the leading builders of large engines, such as are used 
for direct driving of electrical generators, state that the highest 
pressure they consider safe for crank-shaft bearing is 150 pounds 
per square inch of projected area of the journal. The same value 

♦ Proo. Inst. Mecli. Engrs., 1884, p. 30. 

f Ibid., 1883, p. 654. 

X Journal of the Franklin Institute, 1892, p. 83. 

gProc. Inst. Mecb. Engrs., 1891, p. 181. 
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IB given as the safe limit for amall high-speed engines by the 

baUdera of this cIhss of machinery. 

Mr. Edwin Reynolds of the Edward P. AUis Co., is quoted as 
lolloTB regarding journal-bearings:* " The square root of the speed 
in feet per second multiplied by the pressure per square inch of 
projected area, should not exceed 500." In reply to an inquiry, 
be is further quoted in the same place as saying : " It is true I have 
Hied the rule jau mention for a limit and never go up to 500, ex- 
cept ia vertical engines where the steam pressure in the cylinder ig 
■nfficient to lift the shaft against the cap. 350 to 375 should be 
the limit for horizontal engines. This method for determining size 
ud proportions has proved satisfactory in a very large number of 
nuchines." 

Siep-bearinffs. 
17. When the weight of a vertical shaft and the parts attached 
to it, together with whatever end thrust may come on it, are sup- 
ported by a box which bears agninst its end, and at the same time 
prerents it from moving sidewise, the whole combination of the 
rubbing parts and others in the immediate neighborhood is called 
> rtep-bearing. 

18. Forma of step-bearings. — The simplest form of step-bearing 
isihown in Fig. 35, where the step £ is bored out to fit the end of 



t 



the vertical shaft A. In this case the bearing is made np of only 
two parts. The sloping part at the top of the box holds the oil that 
ii used for lubrication. Radial grooves are generally cut across the 

•Amerkan Sladiiuul, Oct. ]6, 1808, p. ST». 
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bottom of the shaft to allow the oil to gain acceea to all parts of the 
horizontal bearing anrface. Bearings of thJa class are commonly 
used where either the speed of rotation is low, or the pressure is 
light. Pillar-cranes are ordinarily supplied with soch a bearing for 
stepping tbe mast. In this application the preesare may be high, 
for the speed of rotation is very low. 

When the ahaft in Fig. 35 makes one levolatioQ, the parts on 
the end farthest from the centre rub over the box throngb a dis- 
tance eqnal to tbe circumference of the shaft, while those near tbe 
centre rub over a much smaller distance, and tbe geometrically 
central point does not have any motion over the box. Ou account 
of this inequality of rubbing there will be a corresponding uneven- 
nesB of wear, so that if tbe parts are fitted together accurately when 
new, BO as to make the pressure uniform over the end of the ebaft, 
the outer portion will wear away most rapidly in service, thus caus- 
ing the pressure to become heaviest at the centre, and lightest at 
the outer part, of the rubbing surfaces. The pressure at the centre 
may become so intense as to crush tbe material at that point. Even 
if this does not occur, abrasion and cutting are likely to take place. 
Tbe inequality of wear and pressure may be partly obviated by 
removing some of the material at the centre of tbe rubbing parts, 
leaving a pair of annular rings for the rubbing surfaces. This is 
advisable in nearly all cases. 



r 



r 






If tbe speed of the shaft is high, dilhculty will be experienced 
in lubricating it on account of tbe centrifugal action of the rotating 
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part tliroviDg the oil from the centre and not allowing it to return 
again, Duless some special provision is made for its doing go. Such 
prDTiBion can be readily made, however, as shown in Fig. 30, by 
miking an oil-passage from tlie top of the step to the centre of the 
Uiitom of the bearing. Thid arrangement forms a small centrifugal 
pump, vhicb draws the oil in at the bottom of the bearing through 
the oil -passage, throws it to the outer part of the bore, and forces 
it to the groove aroand the top of the step, so that it will again be 
Kadf to start on the same circuit. Complete and free circulation 
may be thus secured. 

FQrheavierdQty,eitheron account of increased speed or pressure, 
this form of bearing may be made more durable by placing a number 
oF disk-shaped washers between the end of the shaft and the box, 
u shown in Fig. 37. One set of these washers is generally made 




of some hard material, such as steel, and the other set of a softer 
material, as braae or bronze. The two kindit are then placed alter- 
nately, BO that each washer rubs against a material dilTerent from 
itself. If the shaft is of mild steel and the box of cast iron, which 
in a common conatmction, the top washer is often fastened to the 
shaft, and the bottom one to the box, thus making all of the wear 
come npon the washers. The number of pairs of bearing surfaces 
over which tha wear ia distributed is one more than the nmnber of 
tree washers. The series of washers permits a slower speed of rnbbing 
between each pair of the anrfiices, and, in case abrasion should begin 
between any pair, the robbing motion will ceaae there until the oil 
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has an opportanity to get between them, or nntil repair caa be 
made, nithoDt serions injury to the machine or the neceseicy of 
stopping it. The washers generally have a hole bored through the 
centre, and are grooved radially for oil. The same device for 
securing circulation of the oil aa is shown in Fig. 36 can be used, 
of course. Hardened and ground tool-steel, or case-bardened and 
ground mild-steel, washers running on brass or bronze give most 
excellent service. 

In machinery where the shaft and box cannot be accnrately 
aligned, or where they may get ont of line from some cause, such 
as settling of the supporting parts or springing of the shaft, 
lenticular washers with spherical faces of the form shown in Fig. 
38 may be used. By making them smaller in diameter than the 




Fio. 38. 

bore of the box, they will adjust themselves to a perfect bearing for 
any relative position of the shaft and box, n-ithin tlie limits for which 
thpy lire di'signed, .\s with the Hat washers, however, the wear 
will he more rapid at the parts more remote from the centre. 

The step-bearinsra for turbine water-wheels running on vertical 
shafts often havo a Itiriiiim-vitii' step II, Fig. 30, which supports 
the motiillii- shnft. 'I'he step is msnU' crowning on top, and the end 
of tlie sliiift etip(HHi to lit it, the nibbing surfsices being spherical in 
form. Water -lubrication is easily obtained by cutting radial grooves 
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Id the rabbing aarfaceB, for the bearing is surroQDded by water, 
which will flow into the grooves. If the speed is high, the water 
can be made to circulate freely through the grooves by boring a 
h(de through the centre of the wooden step from the bottom 




upward to the rubbing enrfaces, ae shown. The centrifugal action 
'ill throw the water out through the grooves to the circumference 
of the bearing, and at the same time draw it in through the hole in 
the centre of the step. 

Exceedingly heavy service, both as to speed and pressure, is 
BOmetiniea required of a step-bearing. It is not advisable, or even 
practicable in many cases, to meet this requirement by increasing 
the diameter of the bearing; for not only does the wear increase 
with the diameter, as has already been pointed out, but there is also 
i corresponding increase of frictional resistance with ita accompany- 
ing increase of power loss in the bearing. Moreover, the liability 
to abrasion and cutting is also increased. Some other means mast 
therefore be adopted for securing the desired qualities. 

Forced Inbrication affords what seems to be the most satisfactory 
lolutioQ for securing the successful operation of step-bearings for 
heavy duty. This can be applied most easily and economically in 
the water-lubricated bearing with the wooden step. Fig. 39, when 
Qsed in connection with a water-wheel. In such a case it is only 
necessary to connect a pipe Co the bottom of the hole in the bearing, 
and lead it to the water in the fore-bay. Practically the whole 
head of water is thas made available for forcing the lubricant, 
which is the water itself, in between the rubbing surfaces. This 
s that the bearing is below the wheel, so that the lubricating 
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water can flow freely from the bearing to the tail-race. The oil- 
grooves, if used, should extend from the centre only part way to 
the circumference. If extended clear across the rubbing surfaces, 
the lubricant would be forced through them without performing its 
function. 

To secure a higher pressure, for forcing the lubricant into the 
bearing, than the head of water will give, a force-pump may be 
attached to the pipe connected with the bearing. 

Any of the step-bearings shown in the preceding figures can be 
lubricated with oil in a manner similar to that just described for 
using water, it being necessary to provide a reservoir for catching 
the oil which overflows from the top of the bearing, and a pump 
for taking up this oil and forcing it into the bearing again. 

Pivot 'hearings, 

19. Conical pivot-bearings of the form shown in Fig. 40 are 
extensively used in light machinery. The ease with which they can 
be adjusted for wear is the chief factor in bringing them into use 
for light work. The wedge-like action of the point, and the 
unequal wear on the rubbing surfaces, prevent their use for heavy 
machinery to any considerable extent. 

The pressure acting over the conical bearing surfaces may be 
assumed as acting at two diametrically opposite points for the pur- 
pose of finding the amount of the total normal pressure between 
them. Thus, in the figure, for the thrust P the normal pressure 
3' = (/' -4- 2) CSC {6 -rr 2), and the total normal pressure is 

6 
2.Vrz: />esc-. 

The intensity of pressure per unit area is the same as if the load 
were supported on a fiat-ended shaft of the same area as the projec- 
tion, on 11 plane normal to its axis, of the bearing surface of the 
pivot. In other words, the angularity of the pivot-point does not 
alTeet tlio pressure per unit area on the bearing surfaces. This is 
shown by dividinsr the total normal pressure 2 A" by the area of one 
of the nibbing surfaces. The area A of the conical rubbing sur- 
face of the pivot. Fig. 40, is 
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Fio. 40. 
Hence for the pressure p per nnit ai 



fc{R' — r') CSC T 



r") 



The angle tf does not enter the last member of this equation; 
hence p is not affected by the angle of the cone. 

The wear will be more rapid on tbe parts having the greatest 
tsdial distances from tbe axis, and consequently tlie greatest rnbbing 
action. The result is that after nse the preseare between tbe 
rubbing surfaces will be greater near the point of the cone than 
near the base. For this reason a portion of the hoJt is generally cut 
away at the centre, as indicated in the figure. 

It is common practice, in light machinery, to nse a conical 
bearing at each end of a shaft or s])indle. It will then withstand 
aide pressare as well as tUmst. 
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20. The "traotriz'' or ''curve of constant tangent" is the onlj 
theoretically correct ontline for a step- or pivot-bearing, since it ia 
the only one that will wear uniformly over the rubbing surfaces) 
and thus maintain a uniform pressure per unit area between the 
surfaces. It is also called ''Schiele's anti-friction curve/' after 
its discoverer. The nature of the curve can best be described 
by the method of drawing it. This can be done on a piece of 
smooth horizontal paper in the following manner: In Fig. 41 
the line AB is taken for the directrix of the curve. A beam- 




compass is placed so that one point, C^ is on the directrix, and 
the other, Z>, lies on a line drawn normal to the directrix at C. 
C is then moved along AB toward B so that D trails freely after 
it, care being taken to hold the beam-compass by the point Cso 
that D is not thrown out of the path it will naturally follow when 
there is nothing to press it aside. If Z> is a smooth, round pencil- 
point, it will trace the tractrix DE. A wedge-pointed pencil may 
also be used at D by placing it so that its edge takes the direc- 
tion CD. When using this kind of a pencil-point, it is best to draw 



BEARINGS AND LURRICATION. 



inolher carve, FQ^ oil the opposite side of tbe directrix, starting 
vith C kt ttie Bame point as before. They can then be tested for 
ucDiac; by folding the paper along AB, ao that they will coincide 
if correctly drawn. 

From the method of drawing tbe tractrix, it is evident that, when 
thecompaBa is in any position cd, the line joining the points c and 
if muet be tangent to the curve at d; the distance cd, being that 
betveen the points of the heam-oompasa, rematDS coQHtant; there- 
fore, oa any line drawn tangent to tbe tractris, the distaace from 
the point of tangency to its intersection with the directrix is a con- 
itaot. Hence the name " carve of constant tangent." 

The tractrix can be continued to an inde&atte length, bnt in 
prictice only a portion of it is used. This ia generally taken from 
D lonrd £ as far as desired. Fig. 42 represents the end of a shaft 




Fio. 43. 
tamed down to this form of profile, and resting npon the sapport- 
ing part of tbe hearing. The directrix coincides with the centre- 
Une of the shaft, and the largest radins is equal to the distance 
between the compass-points that were nsed for describing the curve. 
The proof that the tractrix will wear away uniformly over the 
entire rnhbing surface is as follows: In Fig. 43 a narrow band or 
ring of the bearing shown in Fig. 4''j is represented. The width of 
the band, measnred along the rubbing surface, is «; this width is 
assumed to be so small that tlie curved surface may be treated as if 
it were conical in form, but it is necessarily magniHed in the draw- 
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ing 80 that the parts may be seen. The mean radios of the ring is 
r, and its horizontal thickness is t. The line E has the direction 
of the curve at its mean radios, and the length of jR, between the 
point of tangency and the directrix AB, is the same as the greatest 
radius of the bearing, as shown in Fig. 42. 

It has been shown in the preceding section that the pressure on 
a conical pivot-bearing is not affected in its intensity per unit area 
by the angle of tho cone; therefore, in a correctly fitted tractrix- 




bearing, tho pressure per unit area is the same over the entire 
rubbing surfaces. The wear upon each unit area of one surface 
nuiy therefore be taken as proportional to the distance through 
v-'hich it rubs against the other while making one revolution. For 
eouvenienoo it mav be assumed that 

V = vohuno of material worn from a unit area of one rubbing sur- 
face when tho surfaces rub over each other through a unit 
distance under any given pressure. 



Tho aroa of the rubbing surface of the ring is ^^Trrs; the distance 
throuiih which a point on the ring rubs during one revolution is 
\*Tr; ihorvfon^ tlio volume of tho material worn from the ring 
during one revolution of tho shaft ohujUs 



] 



«• * 



r,< \ *^Tr \ r. 
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In order to see more clearly how the shaft will settle vertically 
on its sapport when this amount of material is removed from the 
small band which has been selected, it may be assumed that this 
band is the end of a thin tube, of a thickness ty cat entirely free 
from the rest of the bearing. The sectional area of this tube, on a 
plane perpendicular to its axis ABy is 27rrt, In the figure it can 
be seen that, in the similar right triangles, one having the hypothe- 
nase s and side ty and the other the hypothenuse E and side r, 

i 18 = r : Ry or t = -fz'y therefore the area of the cross-section of 

the tabe equals 

8t 

A = 27rrt = 2?rr-^. 

The amount Khj which the tube is shortened during a revolu- 
tion is the quotient found by dividing the quantity of material 
removed by the area of the cross-section of the tube, which gives 



A sr 



This equation shows that the shortening of the tube is independ- 
ent of its radius r, and is represented by the continued product of 
the constant 2«', and 'the quantities v and Ry which are also con- 
stants for a given bearing, load, and solid lubricant. The shorten- 
ing of this tube is therefore the same as that of any other that may 
be cut from the bearing, which shows that the complete bearing 
wears away so that a uniform pressure is maintained between the 
nibbing surfaces, and the bearing will retain its original form. 

The equation of the tractrix, which may be used for obtaining 
points through which to draw the curve, can be developed as 
follows: In Fig. 44, AB is the directrix of the curve, p any point 
on the tractrix, and R = CD the tangent at p\ the coordinates of 
p are x and y. Taking the differential portion ds of the curve at 
Py and the corresponding dy and dxy it can be seen that, in the 
similar right triangles, one having the hypothenuse ds and sides 
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dx and dy^ the other the hypothennse R = CD and sides x and 



dy l^ir-a^ 



r^x 



2; 




Fio. 44. 



Integrating this expression, and taking into account only the 
positive signs, gives 



/? + VB* - ir* 



y = A> log, - ' '-1^ =- - 4/:ff^^^ 



Tlio natural system of logarithms mnst be used in this equation. 
This is indicatoil by the subscript €. (€ = 2.7182818.) The 
natural logarithm of a numl>er may be found either in a table of 
natural logsirithms, or by multiplying the common logarithm of the 
n\uul>er (i.o.« the logarithm to the bftse 10, which is written log,,) 
by log, 10 = 2.a025$,M. 

In tho tH^uation it i:^ iH^nvonient to put /? = 1 when solving for 
v\>rn^ii(H>nding valuer of .r and y. Any system of units or scale of 
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drawing can be adopted for plotting the curve so as to give it the 
leqnired size. By patting ^ = 1 the equation becomes 



y = natural log 



1±J^^l£ - vrir^., 



or 



y = 2.3025851 common log 



l±±lER _ vi-3^. 



X 



For a point having a; = .6, the solution for y is, with natural 

logarithms, 



y = nat. log ^ + ^'^-{'^y _ ^HT^G 

= nat. log — ^—T .8 

= nat. log 3 — .8 

= 1.0986 - .8 = .2986. 

The solution by common logarithms differs from this only in 
taking the logarithm of 3. Thus, by common logarithms, . 

y = 2.3025851 com. log 3 — .8 
= 2.3025851 X .4771213 - .8 
= 1.0986 - .8 = .2986. 



Other values of the coordinates, calculated as above, are given 
in Table IV. 

Table IV. 

COORDINATES OF TRACTRIX. 



X 


V 


X 


y 


1.0 





A 


.650 


.9 


.031 


.8 


.920 


.8 


.093 


.2 


1.818 


.7 


.182 


.1 


1.997 


.6 


.298 





00 


.6 


.451 
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The tructrix-beariDg can be labricated, vben ranniiig at high 
speed, in the same manner as the Etep-bearing, Fig. 36. It is 
possible that, when oil-labrication ia used, the wear is not auiform 
on account of the variation of the coefficient of friction with speed 
of rubbing at the difTerent radial distances. 

This form of bearing is but little used, the only apparent reason 
being that it is difficult to make. 

Collar-bearings. 

21. CoUari extending out from the surface of a shaft are gen- 
erally provided for taking the end thrust of a shaft that cannot be 
supiiorted by a step-bearing. Fig. 45 shows a shaft with such 
collars resting in a box of suitable form to receive it. 

If, instead of a number of collars, a single one were nsed to 
reiUst the thrust, the area of its side pressing against the box would 
have to bo equal to or greater than the combined a 




of all the collars shown, in order to keep the pressure between the 
rubbing' surfaces the same per unit area. This would neceesitate 
niakiriK the colUir of a comparatively l;irge diameter. This increase 
of diameter would bring iuto action tlio unovon wearing bo marked 
ill fiat Bto[)-beiirinj;s, and al^o increiise the frictloual resistance to 
tuniiiif;, in iibout the same proportion tliat the mean diameter of 
tlie rubliiug surface of the single collar is greater than that of each 
collar wlicn several are used. This is one reason, probably the 
most important one in most cases, for using the multiple-collar 
thrust-bearing instead of a single collar; another reason is that a 
greater economy of space can be secured with the smaller diameter 
of the multiple-collar hearing. 
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Ifben the thrast is alwajs in the same direction, as indicated b; 
the ftiTow in Fig. 46, the bearing maj be shortened, while still 




retaining equal strength and wearing surface, bj making the collars 
vf the form shoirQ in this figure, where the flat faces are of the same 
ana as in the preceding figure, bnt are brought nearer together. 

Id order to obtain the best service from a collar-bearing working 
under heavy pressure and at high rabbiog speed, each collar shoold 
luve its own individual bearing-ring, separately adjustable. By 
tliis means, which is the common practice for large machinery, each 
Tiagcan be adjusted for equal beartng-pressare, even though the wear 
«n the different ones may be unequal; and in case heating should 
occnr at any collar, its ring can be adjusted to partly relieve the 
pressure between them until they run cool again, or it may even be 
removed for repair while the machinery is operating, the load being 
curied by the remaining collars in the meantime. Elaborate collar- 
bearings are used on the propeller-shafts of screw-propelled vessels. 
When used for heavy service, collar- bearings are lubricated by 
ao oil-bath, or by pipes leading to holes la the bearing-rings which 
open on the rubbing surface of the ring; four pipes and openings 
are often used on a single ring, placed at equal distances apart 
sroand the ring. Suitable oil-grooves are cut in the rubbing sur- 
face, starting from the oil-opeuing and running zigzig a short 
distance from it in a direction corresponding to that iu which the 
collar rubs over it. 

Table V represents the practice in thrust-bearings on merchant 
and naval vessels built in the yards of the Newport Kews Ship- 
bnilding & Dry Dock Co. The horseshoe bearing has each part, 
which comes into contact with the collars of the shaft, made tn the 
Ehape of the letter U, or a horseshoe. This form allows the bearing 
parts to be removed and replaced readily. 
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Table V,* 

COLLAR THRUST-BEARINGS. 

Steel collars running against white metal of bearing-rings; oil-bath lubri- 
cation. 



Horse-power of one 
engiue 

Revolutioos per min- 
ute 

Diam. of shaft, inches 

Inner diam. of rub- 
bing surface of col- 
lar, inches 

Outer diam. of rub- 
bing surface of col- 
lar, inches 

Number of collars. . . 

£sli mated total thrust 
of one engine ex- 
erted on one collar- 
bearing, pounds .. . 

Method of cooling... 



Gunboats. 



875 



800 



H 



6 



Battle- 
ships. 



Merchant Ships. 



Type of bearing, 



9 



13750 

Water 
circu- 
lation 

Collar 



800 


5000 


600 


250 


^3 


120 


115 


110 


5i 


14 


8 


6 


6 


14i 


81 


6i 


8i 


21i 


12J 


»i 


9 


11 


6 


6 


18100 


79800 


12300 


6890 


Water 
circu- 
lation 


Water 
circu- 
lation 






Collar 


Horse- 
shoe 


Collar 


Collar 



8500 



115 



m 



13i 



19 

15 



8800 



80 



55900 

Water 
circu- 
lation 

Collar 



15J 



16 



24 
11 



400 



iia 



7i 



71200 

Water 
circu- 
lation 

Collar 



11 



9600 



♦ Datft kindly furnished by Mr. C. B. Orcutt, President of the Newport News Shipbuild- 
ing & Dry Doclc Co., builders of the battlesliips Kearsarge, Kentucky, Illinois, etc. 

The practice of the Marine Iron Works of Chicago, for their 
smaller work, is shown in Table VI and Figs. 47, 48, and 49. Fig. 
47 is a steel shaft with sev^en collars integral with the shaft. The 
box has a Babbitt lining cast aroand the collars so as to fit them. 
An oil-trough at the top of the bearing, from which oil-holes lead 
to the top of each collar, furnishes a means of labricating. The 
data relatiye to this bearing are given in Table VI. This bearing 
is designed for a 50-H.P. engine at 300 revolutions. 
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Table VI.* 

COLLAB TDBUST-BEABINOS. 



' 


Fig. 47. 


Fig. 48. 










SO 


as 


76 




300 


400 


373 


Diun.ot8li«fi. inchM. 


21 


Si 


4 


iDDcrdiMii. of rabbiDgBur- 
tux or collar, ioclies. .... 


2| 


Si 


4 


Outtrdhm, of rubbing lur- 
W of collar, incbes.... 


4i 


4f 





Number of coll«T» 


7 


1 


1 


Euiawtnl total thrUBt on 

collar- bearing, pounds... . 


1680 


1040 


2160 




Steel 
Babbitt inetal 


Cast iron 
Bronze washer 




Hiltriil of beariog-ringa . . 


Bronze wasber 


Melbod of lubricating 


Oil-lrough 

ttbovo journalj 


Orcaae-ciips. Solk 
oil in cups placed 
OD oll-boles 


Grease-cups t 



* I«ui kindlr biniithed by the Hirii 
Ul ihnin on collar- bearing, which »a 

• OIUhMcb l«d from trouKh m i^grx 
t Ctenber In bottom panaFboicBn 



isloiLaWd bj ihe wriler. 

e filled U> make aa oil-balh IC desired. 



XT 



mn 



j'UyiL 



ryflL 



^ 



68 FOKM, STRENGTH, AND PROPORTIONS OF PARTS. 

Fig. 48 is a thrust-bearing for a 25-H.P. engine making 400 
revolutions per minute. It consists of two cast-iron collars fastened 
to the shaft on each side of a cast-iron boz^bearing. Loose collars 
of bronze are interposed between each end of the box and the collar 
adjacent to it. It is lubricated by means of greafie-cnps attached 




o 



co 



UJ 
N 

-Z--I- 
O 



ui 
(0 

-a- 






TT 
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Id 

N 

-Z- 

o 

K 
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CO 



O 
DC 



fl9 



V« 



Fio. 4a 

to oil-holes leading to the journals and the faces of the collars. 
The remaining data are given in Table VI. 

Fig. 49 is for a 75-11. P. engine making 275 revolutions per 
minute. It has a steel collar, fastened to the shaft, which bears 

mon2c oolum 
\ (loom) 





Fio. 49. 



against loose bronze collars, which in turn bear against cast-iron 
boxes. Lubrication is secured by grease-cups, and, if desired, by 
filling the reservoir at the bottom of the box with oil, thus obtain- 
ing bath lubrication. Other data are given in Table VI. 



Boiler 'hearings. 

22. Cylindrical roller-bearings for working conditions similar 
to those which an ordinary journal-bearing is designed to meet are 
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naed to some extent. The shaft or journal is sarroDnded by several 
cylindrical rollers, which roil inside of an accurately bored casing. 
The diameter of the casing is slightly greater than that of the 
jooroal plus twice that of the rollers, so that the latter will roll 
ireelj when not on the side of the journal where the load forces it 
against them. 

The journal, rollers, and casings must all be accurately cylin- 
drical, aud have their axes parallel, in order to work correctly. It 
ii not possible to keep the rollers parallel to the journal without 
some additional device for that purpose. What appears the sim- 
plesty and a very effective, method is to use a slotted bushing or 
"cage " somewhat longer than the rollers, and bored to have a free- 
fanning fit on the shaft; the slots are cut longitudinally, and each 
is wide enongii to allow a roller to drop into and turn freely in it. 
The cage rotates less rapidly than the journal. From ten to twenty 
rollers are commonly used. 

The rubbing of the rollers against the cage causes some frictional 
resistance. Numerous devices have been applied to prevent such 
resistance, one being to use no cage, as just described, but to groove 
or score the ends of the rollers, and place balls between tliem, the 
balls themselves running in a retaining- ring at each end of the 
bearing. 

If, from wear or any other cause, a roller gets out of line with 
the journal and casing, it will, when under pressure, have a tendency 
to move endwise in the cage, assuming that a cage is used, ou 
account of its inclination to the axis of the journal and the natural 
attempt to move at right angles to its own axis. Such motion is 
prevented by the end of the roller striking the end of the slot in 
the cage; this produces undesirable wear and frictional loss at the 
end of the roller. A bearing working under heavy pressure may 
be rapidly destroyed when once it has worn enough to let the rollers 
get out of alignment. The destruction is generally most rapid 
where the end of the roller presses against a rigid cage. It would 
seem that this end wear might be largely reduced, or even wholly 
prevented in many cases, by having a light spring at each end of 
the roller, which would allow it to move endwise freely for a short 
distance when on the working side of the bearing, and then bring 
it back to mid-position endwise while on the loose side. With balls 
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rnnning in the grooved ends of the rollers, the end thrnst.does not 
cause destractire wear, since the thrast is taken by the ball pressing 
against the side of the groove. 

There is another trouble that is liable to occur if a roller gets 
out of alignment, especially if it is long and the material is brittle. 
As soon as the roller gets out of position the line of its contact with 
the journal is curved instead of straight. The roller must therefore 
bend and become liable to fracture by the bending. A broken 
roller is almost certain to cause rapid destruction of the bearing. 
Several short rollers, lying end to end in the same slot of the cage, 
are sometimes used for long bearings. 

Practice shows that cast-iron casings are not suitable for roller- 
bearings, On account of their rapid destruction after they have worn 
appreciably; steel bushings are found to be satisfactory. 

A special roller. Fig. 50, has been designed to obviate the 




Fig. 50. 

danger arising from the fracture of a roller, either from getting out 
of line or unevenness of the surfaces of the bodies in contact. It 
is made by winding a steel ribbon about a mandrel, in the same 
manner that a strip of paper may be wound about a round pencil, 
so that the edges of successive convolutions just clear each other.* 
For service where shocks and jars are frequent and heavy, as in 
street-railway service, the casing is lined with a bushing made in 
the same manner. The cage for a hollow-roll bearing can be made 
of wires or rods passing through the rolls and attached to rings 
around the journal at each end of the rolls. 

The coefficient of friction of a properly adjusted roller-bearing 
is exceedingly low, especially at slow speeds. It decreases as the 
diameter of the rollers increases, and is about proportional to the 
load. It very commonly happens, however, that this coefficient 
keeps increasing with the age of service of the bearing, reaching 
many times its original value before the bearing is worn out. The 

* Made by the Hyatt Roller Bearing Co. 
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chief cause of this increase is the nneven wearing of the working 
parU, possibly the most serions phase of this particular trouble 
being where the journal or casing wears to a slightly conical form 
OQacconnt of lack of uniformity in the quality of the mafcerial. 

The load which a roller-bearing will carry is greater for high 
speeds than can be put on the common journal-bearing with sliding 
sarfaces, practically the same for medium speeds, and less for very 
low speeds. 

Table VII gives the results of tests made by Wm. Sellers & Co. 
on several Hyatt roller-bearings. 

Table VII. 

TESTS OP HYATT ROLLER-BEARINGS.* 
Coefficient of friction n given in tbe body of table. 



Dimensions of Bearings. 


Total 

Load. 

pounds 


Revolutions per Minute. 


6 


25 


48 


188 


214 


Diam. of Journal Iff". 
Length of bearing if'. 
Bearing bored .009 " smaller than 

sura of two liners, two rollers, 

nod shaft. 


1000 
2000 
3000 


• • • • 

• • • • 

• • • • 


• < ■ • 

■ . . • 

• . . • 


.16964 
.08974 
.06739 


• • • • 

• • • • 

• • • • 


• • « • 

• • • • 
■ • • • 


Diam. of journal 1||". 

Length of bearing 9 ". 

Bearing bored .004" larger than 

sum of two liners, two rollers, 

and shaft. 


1000 
2000 
3000 

10000 
20000 
30000 
40000 
60000 


.02058 
.01874 
.01249 


.01578 
.00986 
.00789 


.00789 
.01080 
.01020 


.00785 
.00789 
.00789 


.00789 
.00592 
.00526 


Diam. of journal 8''. 

Length of journal 12 ". 

Bore of bearing .023" larger than 

sum of two nners, two rollers. 

and shaft. 


.02399 
.01923 
.01856 
.01805 
.01708 






.03826 
.02386 
.01959 
.01795 
.01692 


.02540 
.01560 
.01280 
.01240 

• • • • 


• • • • 

• • • • 

• • • • 

• • • • 

« • • • 


H^'att commercial; 2" shafting-box 


500 
1000 
1500 
2000 


.03156 

.02762 

01841 

.01282 


.03156 
.01973 
.01710 
.01775 


• • ■ • 

• • • • 
t • • • 

• • • • 


.02367 
.01578 
.01578 
.01578 


.01972 
.01381 
.01315 
.01-282 



* Age of Steel, April 10, 1897, p. 17; American Machinist, June 21, 1897, p. 20. 

Two street-railway cars, one fitted with Hyatt roller-bearings 
and the other with common joarnal-bearings, were tested at Provi* 
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deuce, R. I. The roller-beariDgs showed a saving of ISjtf of the 
total power used to drive the car with commoa beariogs.* 

23. Conical roller-bearings are ased to resist the end tfamst ot 
a shaft or other part, performing the same fanction as the more 
1 form of Btep-beariDg already described. Fig. 51 showa the 




typical form of anch a bearing. The rollers are tmncated cones of 
snch a taper and so placed that their vertices, as well as those of 
the conical snrfaces on which they roil, all coincide on the axis AB 
of the shaft. It is not neceseary that the rollers shall have their 
axes at right angles to that of the shaft, but they may be inclined 
at any angle within practical limits. It is often convenient to make 
either the step or the end of the shaft flat oa the surface where the 
cones roll, and the other bearing surface coned to suit the rollers. 

On account of the taper form of the rollers, there is a tendency 
to force them out radially from between the shaft and step. The 
retaining- ring 7i', which encircles them, is to prevent snch displace- 
ment. It should just touch the bases of the cones when they are 
in position, and have an easy running fit in the step. The ring 
will then travel about the centre of the bearing at aboat the same 
speed as the rollers, which is half that of the rotating shaft when 
the step and cud of the shaft are coned to the same angle. 

If no other device than the retaining- ring is need to hold the 
rollers in place, there is a tendency for them to twist around so that 
their ases will not intersect that of the shaft, even when the rollers 
are of such a diameter that the proper number will jnst lie taugent 

* American 3Iackini*t. Oct. 31, 1897, p. 7M. 
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to each other when in place; and when wear has occarred they will 
twist slightly, the twist generally heing in the direction that will 
caose a heavier pressure against the retaining-ring. In small bear- 
ings it is better to nse fewer rollers and hold them in position by a 
cage, which may be a thin round plate, perforated with as many 
holes as there are rollers, the holes being of such a form and so 
placed that the rollers will just fit into them and be held in the 
proper position when the cage is in the bearing. 

For large bearings or heavy pressures, and especially when the 
rollers are very short in comparison with their diameter, a 
"spider," consisting of a solid body pivoted at the centre of the 
bearmg, and having arms extending out through holes bored in the 
rollers concentric with their axes, is used. The flanged ends of the 
arms prevent the rollers from moving radially outward. The arms 
should be rigid enough, or be connected at their outer ends in such 
a manner as, to hold the rollers accurately in place. 

The rollers should be small in comparison with the diameter of 
the bearing in order to keep their tendency to move out radially 
as small as possible. It would hardly be advisable to make the apex 
angle, embraced between two diametrically opposite elements of the 
conical surface, greater than 15° in any case; 10° or less is a more 
suitable angle. It should not be forgotten, however, that the 
rolling resistance of the cones increases as the diameter decreases. 

A case is cited where a step-bearing with conical rollers work- 
ing under a pressure of 104.5 pounds per square inch had a 
coefficient of friction /i = .0025 when running on steel.* 

Special Forms of Bearings, 

24. The bearing shown in Fig. 52 is often used on light 
machinery, such as circular saws, wood-planing machines, etc. It 
is something of a combination between a journal- and thrust-bear- 
ing, and serves in a measure the purpose of both. 

The collars are integral parts of the shaft. The box is divided 
lengthwise, and lined with a soft bearing metal, which is cast in 
while the journal is in place. 

A bearing of a similar nature is made by cutting grooves into 

* Cottier^ 9 Mdgaeine, May, 1897, p. 66. Several forms of roller- bearings are 
illostrated and described in this article. 
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the shaft to serre the same purpose as the collars. It anBirers TC 
well when only light eervice is required, bat the shaft is ireaken 
BO as to be nnfit for heavy seryice. 




Fig. 53 is a taper bearing provided with lock-nnts a aod b i 
adjoating it and taking end throet. The box sarroanding it 




solid. The taper is commonly abont 1^ inches in diameter per fi 
of length. This form of bearing is chiefly used on Ught machim 
ranning nnder liglit jonrnal-presanre. 



CHAPTER II. 
SPUR- AND FBICTI0N.QEAB8. 

5PUK-0EAHS, 

25. Strength of Bpur-gear teeth. — When a rotating spnr-gear 
tiMsmitfl power to its mate, there must be pressure between the 
piira of teeth that are in contact. If the teeth were correctly 
formed and accarately apaced, the pressure neceseary to tarn the 
driven gear would be nearly naiformly distribated between the 
pain of teeth in contact. The elasticity of the teeth might 
tbeoretically affect the nniformity of the distribntion, bnt not to an 
eitent to be worthy of consideration in practice. 

On acconnt of the inaccnracy of spacing that always exists to 
•ome extent, and the loss of the correct form of the teeth by wear, 
it is cnstomary to assnme, for parpoaes of designing, that the entire 
force that is required to rotate the driven gear is applied by a single 




tootb of the driver to its mate on the driven. If there is a prob- 
ability that the teeth may be thrown ont of alignment by the 
springing of the shafts or movement of the supports, or that foreign 
snbstaucea may come between the teeth, the pressnre may be local- 
ized at the top of a tooth at one end, as at i' in Fig. 54, and break 
it off as ahovn by the irregnlar line of fracture. To allow for snch 
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a condition, it is customary to assume that, however wide the face 
of the gear, the strength of the tooth is no greater than if the gear- 
face had only a width x measured across the face of the gear. The 
valne of x is different for teeth of the same pitch and height, but 
of different profile, and cannot be accurately determined in any 
case. For the more common forms of gears having teeth whose 
height is ronghly .7 of the circular pitch, it is generally safe to take 
X as 1.5 to 2 times the circular pitch, according to whether the 
teeth are narrow or broad at the base. The wider the face of the 
gear, the less rapidly will it wear; and if accurately made and 
rigidly sapported, the strength will be about proportional to its 
width for widths as great as six or more times the circular pitch. 

When a pair of teeth first come together, there is a shock caused 
by the blow as they strike each other. The intensity of the shock 
increases with the speed at which the teeth travel; hence gears 
running at high speed will not stand as mach pressure between their 
teeth as those running slower. There may also be shocks caused by 
loads suddenly applied to the driven gear, as in rock- and ore- 
crushers, and rolling-mill machinery. The gear should be propor- 
tioned to resist such shocks. 

The pressure between a pair of teeth would be normal to their 
surfaces along the line of contact, if there were no frictional resist- 
ance acting to prevent the combined motion of rolling and slipping 
of the one over the other. This frictional resistance always does 
exist, however, to an extent depending on the material of the teeth, 
the finish of their working surfaces, and whether they are lubricated 
or dry, clean or covered with dirt and grit. 

Fig. 55 shows the profiles of a pair of teeth A and B just as they 
come into contact when A is driving B^ the rotation about the 
centres of the gears being in the direction indicated by the arrows. 
The point of contact is at C, and the common normal to the tooth 
curves passes through the pitch-point P, The pressure between 
the teeth would be in the direction CP if there were no friction 
between them. The friction causes the line of pressure to be 
inclined to CP by some angle PCH^ whose value depends on the 
coefficient of friction of the tooth surfaces. The lever-arm, about 
the centre of the driven gear, of the force acting along 67/, is shorter 
than that of a force acting along CP ; hence the force that acts along 
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CH to tnro the driven gear against a given resistaDCe mast be pro- 
portioQ&lly greater than that which would act along CP. 

E and D are the positions of the same pair of teeth jast as they 
are on the point of separating. As before, the common normal to 
the cnires at the point of contact F passes throngh P, and the 
irictional resistance canses the pressure between them to make some 




Fo 55 

angle PFff with th s normal In gears tl at are not Inbricated, or 
are iDbricated and covered th d rt and gr t t s possible that the 
cneffioient of fr ct on may be large eno gl to ncreaae the angle 
PPH to sDch an extent that the direction of pressure FJ{ will 
become tangent to the gear-face at the top of the tooth ; or, what 
is practically the same, normal to the radial line which passes 
throngh the centres of the tooth and gear. This radial line will be 
hereafter referred to as the median line of the tooth. 

A tooth of the driven gear is subjected to the greatest stress 
vbea in the position B, just as it comes in contact with its mate, 
for the pressare is then applied at the greatest distance from its 
base; and a tooth of the driving gear is working under the greatest 
stress when in the position D, just as the pair are separating. 

For the tooth B, on the driven gear, it can be seen that the 
preaenre gainst it, acting along a line inclined to the median line 
of the tooth, produces both radial compression and bending stresses 
in the material. This is trne whether friction is considered or not. 
Friction increases the proportion of compressive to bending stress. 

The tooth D, on the driver, also has both compressive and bend- 
ing stresses caused by the pressure against it when friction is not 
considered. Friction reduces the ratio of compressive to bending 
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streee, and if the friction becomes great enough to bring the line of 
pressure normal to the mediati line of the tooth, the compreesiva 
stress is eliminated, and the action la a purely bending one. 

If snch a material as cast iron, which is much weaker in tension 
than compression, is nsed for gears having eqaal diameters and the 
same form of teeth, D will be more apt to break than B; if the 
material is one that is equally strong in both tension and compres- 
sion, B would probably fail first. 

The force P that will break a gear-tooth when exerted normal to 
its median plane at the top of the tooth, and uniformly distribnted 
across the face of the gear, as in Fig. 56, may be foand by the 




formnia for a cantilever. The qnantities entering into this formnla 
when applied to a gear-tooth are : 

P = force applied tangent to top of tooth; 

5 — maximum fibre-stress per tinit area in the material; 
V = shearing stress per unit area in the material; 

6 = breadth of gear-face ; 

h = thickness of tooth at breaking section; 
I = distance from top of tooth to breaking section. 
The formula ia 

P _ Sbk^ 
u ' 

On acconnt of the filleting which is commonly used at the 
bottom of the tooth, the distance I of the breaking section from the 
top of the tooth is less than the total height of the tooth. The 
location of the breaking section con be found for any toothy 
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vhether the profiles od both eidee of the median line are Bimilar or 
not, by taking aectioiis normal to the median plane and at different 
distances from the top of the tooth, introduciug the / and h of each 
in the formula, until the one that gives a minimnm valne of P is 
fonnd. When the profile of the tooth is symmetrical about the 
median line, the valne of P can be obtained more directly by draw- 
ing a parabola whose vertex is at the centre of the top of the tooth, 
and whose sides are tangent to the tooth curves. The value of P 
for any sectiou parallel to the direction of P is the same as for all 
other sections, this being the property of u cantilever of parabolic 
profile and uniform breadth. 

In any system of interchangeablu gears, snch as the cycloldat 
with constant size of gauerating circle for a given pitch, or the 
involute with constant angle of obliquity, the thickness of the teeth 
at the base is lees for gears of small diameter tiian those of large; 
conseqnently the teeth of the smaller gears are weaker. 

The curve. Fig. 5T, was obtained by calculating, according to 
the formula for the cantilever just given, the strength of cycloidal 
teeth generated by a describing circle having a diameter half that 
of a 15-toolh gear of the pitch adopted, and a fillet at the bottom 
of the tooth of a radius equal to one sixth of the width of the 
Hl>ace at the addendum circle.* This is practically the form of 
tooth adopted by the Brown and Sharpe Mfg. Co. for their inter- 
changeable gears. The length of the tooth from top to bottom is 
O.GSUf! times the circular pitch, and the thickness on the pitch- 
circle equals half the pitch. It can bo seen by the diagram that the 
teeth ou a I'iiO-tooth gear are twice as strong as those on one having 
i2 teeth, lly multiplying or dividing the reading on the scale of 
" pounds pressure at tooth-point " by a suitable constant, the curve 
can be made to apply to any pitch, width of gear-face, and fibre- 
BtresB. 

With regard to the effect of the position of the line of contact 
between a pair of engaging gears, it is shown by construction that, 
in a pair of perfectly made and aligned gears having 13 teeth each, 
at the instant contact changes from one to two pairs of teeth, or 

* " Di*graiDH for tbe Relntivs Strength of Gear Teetli," \iy Forrest H. JoDSi. 
Tnns. Anier. Soc. Mech. Engra,, vol, xvni,, p. TH. 
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vice versa, which is the time when the greatest stress is hrought 
upon the material of the tooth, the preBsiire ig applied at such a 
distance outside of tlie pildi-liiie of the tooth suhject to the greater 
betiding moment, aa to allow an increase of presEnre of more than 
70;* of that which could be applied at the top of the tootii. With 




m BhowlDE llie preuore al Ihe in>l 
(— USB locliesdroulw) pitch and Mncb fate, « 
per iqiure Inch lu Ihe nULlerial of the sear. 

Fig. 67. 

a greater number of teeth in either or both gears, a greater increase 
is allowable. 

In calculating the strength of a tooth bj the cantilever formula, 
no account is taken of the shearing stress on the section nnder con- 
eidenition. The value of this shearing stress per unit area of the 
section normal to the median plane is 

V = P -i- area of section. 

Combining this with the fibre-stress due to bending gives for 
the maximum tension or compression, both being the same in value, 



Klaxiiniim stress 



= 1+/:^ 



J 
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The Talue of the " maximum stress "for a given pressure F is 
but if greater than that of S obtained by the formula for the can- 
lilever. This 4^ excess is for a rack-tooth, which is the strongest 
vf all, internal gears excepted; it grows smaller as the number of 
teeth decreases. On account of its comparatively small value, when 
compared with the uncertain elements which enter into any attempt 
to calculate the strength of gear-teeth, it may be safely neglected. 

The maximum shearing stress, according to the formula for com- 
bined shear and flexure, 



Maximum shear = y v* -{- -^, 

4 

is about 54^ of the maximum tension. 

The curves of Figs. 58 and 59 were laid out from Fig. 57 by 
making use of the fact that, when the number of teeth and width 
of a gear remain constant, the strength of the teeth varies as the 
circular pitch; and by taking account of the fact that, when the 
number of teeth remains constant, and the width of the gear-face 
bears a constant ratio to the circular pitch, the strength of the teeth 
varies as the square of the i)itch, the curves of Figs. CO and CI were 
plotted. 

In the diagrams, Figs. 58, 59, GO, and Gl, each of the diagonal 
lines, some of which are straight and some broken, represents a 
different fibre-stress in the material of the tooth. The break in 
some of the lines has no significance, being made only as a means 
of shortening the diagrams to a convenient length. It should be 
noted, however, that a change of pounds per inch is thus made 
necessary on the pressure-scale, the change occurring at the pressure- 
line where the angle is made in the diagonals. Figs. 58 and 59 are 
for gears having a face 1 inch wide. They are of exactly the same 
nature, one for small and the other for large pitches, and might 
bave been combined in a single diagram. Such a combination 
^ould make it difficult to read values for the smaller pitches unless 
the whole diagram were excessively large. The same is true of 
%. GO and 61. 

The diagrams, Figs. 58, 59, CO, and CI, are for use in finding 
^ny one of the four factors, circular pitch, pitch diameter, pressure 
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DIusraiD sbuwlng ri:1u1lon betwuL'a pru'!isiiro ut luoth pulnl. stress In ouliT fibre, a 
b ot a Bi'flT tootli. Hgurefl Id dlagnun aboTe "BACK" Indicate flbrosti 
>\v, ciLumclur of near. 

Fio. 60. 
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at tooth-point, or Hbre-streBs, when the other three are known or 

Ezamples. — Let it be refjitireii to find the pitch of a gear IS 
iuches in diameter, 4 inches face, working at 4000 poonds maxi- 
mum stress in the material, to withstand 3000 pounds pressure at 
its jioiiit. This gives a preasnre of 2000 -f- 4 = 500 pounds per 
inch of width of face. In Fig. 58 on the right-hand scale, marked 
" pouuda preasnre at tooth-point," find the 500-pound line and 
follow it to its intersection with the 4000-pound fibre-atreaa line; 
from this point drop down to the cnrve marked "18 inches 
diameter," and thence to the scale on the left of the diagram, thus 
obtaming a reading of 3.25 diametral pitch, or about 1.4 inches 
circular pitch. 

Again, suppose a pressure of 4550 pounds is to act on a gear of 
f> inches pitch diameter and 7 inches face, the limit of fibre-stress 
feeing COOO pounds per s'lnare inch. Tlie pressuro i)er Inch of width 
in this case is 4550 .^ T = 650 ponnda. By the same method us 
before, following the (150-pounda presaii re-line to its intersection 
with the (iOOO-pounds fibre-stress line, and thence toward the 
bottom of tlie diagram, it is found that the vertical line does not 
cut the 8-inchos diameter-line, but falls to the right of it, the latter 
terminating at 1.5 diametral jiitch, this being the greatest pitch 
that can he used when the number of teeth is not less than twelve, 
which is the tower limit in the diagrams. The fact Chat tlie vertical 
and diameter lines do not intersect shows that no gear having 
twelve teeth or more can be doaigned to fulfil the conditions given. 
With a fibre-stress slightly greater thau i;(JO0 pounds per sqnare 
iiich, however, a gear of 1.5 diametral pitch will answer. 

The iise of Figa. RO and Gl for a width of face equal to the cir- 
cular pitch ia the same as the preceding examples, except that the 
pressure for a width of face equal to the circular pitch is read ou 
the scale of pressures at tooth-point, instead of the pressure per inch 
of width, as was done before. Thus, for a gear 'SO incliea in 
diameter, whose face width is to be three times the circular pitch, 
to work at a fibre-atress of 14000 pounds per square inch, under a 
pressure of 90000 pounds at the tooth-point, we have 90000 -;- 3 
= 30000 pounds pressure on a width of face equal to the circular 
pitch. Following the SOOOO-pouiids line from the right-hand side 
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of Fig. 61 to its intersection with the 14000-pound8 diagonal line, 
and thence to the 30 inches diameter carve, gives 5.75 inches cir* 
cnlar pitch, which is something less than .5 diametral pitch. 

The following formala has been developed from Fig. 57 by 
Prof. John H. Barr.* 

The notation, slightly changed from his, is: 

C = circular pitch, inches; 
D = pitch diameter of gear, inches; 
/*= width of gear-face, inches; 
N = number of teeth in the gear; 
P = pressure on teeth, pounds; 

S = tensile or compressive fibre-stress in the material of the gear, 
pounds per square inch. 

P=C'J'5(o.l06-^) (8) 

From this the following equations may be deduced: 
For a gear-face 1 inch wide, 



P=C5(0.106-«4^);] 



y 



U^ 



PN 



For use when 
N is known. 



^(O.lOe.V- 0.678) J 

p= (75(0.106-0.215^); 

C = 2)[_0.246 - Y .0005 - ^-65^ J 

For a width of gear-face = circular pitch, 

P=C5(0.106-«f?); 



•\ 



For use when 
D is known. 



(9) 



(10) 



(11) 



(12) 



I PN 

^~ Y 5(0. 106aV- 0.67 



For use when 
N is known. 



8)' 



(13) 



(l-l) 



P=C.4.106-0.215g^--jr (15) 



♦Trans. Amer. 80c. of Mech. Engrs., vol. xviii., 1897, p. 776. 
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When the width of the gear-face is equal to the circular pitchy 
or bears a given ratio to it, the equation involving the diameter of 
the gear contains both the cube and square of C; hence no equation 
having a general solution for obtaining G when Z>, P, and S are^ 
known can be obtained from the original form given above. The 
last equation given can be used tentatively, of course, by substitut- 
ing assumed values of (7 in it and solving, continuing until a satis- 
factory value is found. 

In designing gears it is customary to assume that the pressure 
against the teeth is the same in amount as would have to be applied 
tangent to the pitch-circle of the gear in order to drive it. The 
difference between the pitch radius and the radial distance to the 
point ^yhere the pressure is applied to the tooth surface is not great 
enough, in any ordinary system of gears, to need consideration. 

When, for a gear, the pitch radius E in inches, and the greatest 
torsional moment M in inch-pounds to be exerted upon it, are 
known, the force P that must act tangent to the pitch-circle can 
be found by the equation 

M 
P = -^ pounds (16) 

If the highest rate of working, expressed in horse-power (H.P.), 
or in inch-pounds of energy E transmitted per minute, together 
with the number of revolutions per minute F, and pitch radius R 
inches, are known, F can be found by the equation 

^ 33000X12 11.?. , 

2^FRV Vo^^dB, .... (17) 

or 

^ = OTfP*'""''' <^'^> 

Table VIII, representing experiments made by the Brown & 
Sharpe Mfg. Co. upon cut gears of their own manufacture, shows 
the observed breaking pressure of the teeth and the calculated fibre- 
stress which would exist if the pressure were all applied at the top 
of one tooth, normal to its median plane, and uniformly distributed 
across the face of the gear. 
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Table VIIL 

bbeakino loads for cut cast-iron gears, experimentally 

determined. 



Diametnl 
Pitch. 


Circular 
Pitch, 
inches. 


Width 

of 
Face, 
Inches. 


Num- 
ber of 
Teeth. 


Pitch 

Diam., 

iuches. 


Revo- 
lutions 
Der 
Hid. 


Velocity 

at Pitcli- 

cirele, 

fet* t per 

min. 


Observed 
Breakinfif 
Pressure 
at Pitch- 
circle, 
pounds. 


Stress in 

Outer Fibre* 

pounds per 

sq. inch. 


10 
8 
6 
5 


.3143 
.3927 
.5236 
.6283 


if 


no 

72 
72 
90 


11 
9 

12 
8 


27 
40 

27 
18 


78 
94 

85 
85 


1060 
1460 
2220 
2470 


38000 
29000 
24000 
20500 



The following formnlas, 19 to 32, based upon the assumption 
that the pressure is always normal to the tooth surface, have been 
developed from investigations made by Mr. Wilfred Lewis.* In 
them the force is assumed as being eifective at the point where the 
normal to the top of the tooth curve intersects the median line of 
the tooth. The pressure between the teeth is resolved into two 
components at this point — one radial, and the other perpendicular 
to the median line of the tooth. The radial component is neg- 
lected, only the one normal to the radius and exerting a purely 
bending action on the tooth, being considered. 

Formulas 19 to 32 are applicable to cycloidal gears developed by 
a generating circle whose diameter is half that of a 12-tooth gear of 
the same pitch as that under consideration, and to involute gears in 
which the normal to the tooth curve at the pitch point makes an 
angle of 75** with the line drawn from the pitch point to the centre 
of the gear. 

The proportions of the teeth to which the following formulas 
apply, taking the circular pitch C as the unit of measurement, 
are: thickness on pitch-line = .476'; addendum = .3C; clearance 

= .05((7+l). 

Two methods of filleting the bottom of the teeth are representedc 

In one the fillets are as large as will just clear the tops of the teeth 

•Proceedings Engineers' Club of Philadelphia, vol. x., 1893, p. 16 ; Ameri- 
can Machiniit, May 4, 1893, p. 3. and June 8, 1893, p. 7; Trans. Amer. Soc. 
Mech. EngTS., vol. xvui., 1897, pp. 776, 781. 
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of an intermeshing rack, and in the other the radios of the fillets 
is equal to the clearance between the top of a tooth and the bottom 
of a space. 

For convenience of application, the formolas are given for both 
a gear-face one inch wide, and for a width of face equal to the 
circular pitch. It is assumed that the pressure is uniformly dis- 
tributed across the face of the gear. The notation is the same as 
in the preceding equations. 

The formulas deduced from Mr. Lewis's investigation of 
strength of gear-teeth are : 

For a gear-face one inch wide: 

Iiarge Fillets. 

p=4o.m-»fi];l . ....... m 

u -t» J I Pqj. uge when 

pjyr I iV is known. 

^^ASX0.l24iV^-0.684)* J ^^^^ 



P =^ ^["0.124 - 0.218 -^1 ; 



C = Z>[_0.284 +A /.0807 - 4.6 -^ 



SDS J 



.... \i><t X f 

For use when 
D is known. 

. . • . (22) 



Small Fillets. 



P =CS[ 0.12i-^-^P'];] (23) 

L ^ J [^ Por use when 

p Y [ iV is known. 

^ "^ ^6:i2'^N - o.sssy J ^^^^ 

P = aS'rO.124 - 0.282 ^1; 1 . . . . (25) 

^ ^ J I For use when 

t/ p-"| I /> is known. 
0.22 - Y 0.049 - 3.57 ^ J .J • • . . (26) 
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For a width of oear-face = circular pitch: 

Iialrge Fillets- 

= C"4o.m-^l; 1 (27) 

L -^^ J I For use when 

N is known. 



124iV^~ 0.684) 



P=a'^[0.m-0.24J. ^-^^^^^^ . . . (29) 



Small Fillets. 



P= C* s[ 0.124 -^-^l; 1 ....... . (30) 

L -> J [^ j^Qj. use when 

/ TjvF ( iV is known. 

^^V>S'(0.124iV^- 0.888)' J ^'^^^ 

p=6™5[o.m-o.282j]. ^^Ykrw;^ • • • (32) 

Cases that require a large amount of power to be transmitted, 
when the diameter and speed of a gear are so limited by the condi- 
tions to be fulfilled as to require an excessive and objectionable 
breadth of face, can sometimes be met by using two or more gears 
of the required diameter, on the same shaft, with faces of such a 
breadth that the sum of all their breadths is equal to that which 
would be required for a single gear rigidly supported and perfectly 
aligned. When several gears are used on the same shaft in this 
manner, they should not be placed so that their teeth are in line, 
but " stepped " by placing the teeth of each successive gear in 
advance of (or behind) those of its neighbor by a distance equal to 
the circular pitch divided by the number of gears on the shaft; 
such an arrangement gives smoother running and less liability to 
breakage. 

26. Methods of strengthening gears. — For cases where very 
strong teeth are required, and where the pressure against the teeth 
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is usually or always in the same direction, the form of tooth showa 
in Fig. 62 can be used, in which A is the working -side. When 




Fig. 62. 

used for such a purpose as hoisting, where the machinery is reversed 
and driven backward to lower the hook or other device for suspend- 
ing the load, the side opposite A^ as well as A^ should be made of 
some correct tooth outline; but when A is the only side that works,, 
the opposite side may be made of any outline that will give strength 
and, at the same time, clear the tops of the teeth of the intermesh- 
ing gear. 

For cycloidal gears this buttressed tooth can be obtained by 
using a large describing circle for the face and flank of A^ and a 
small one for the corresponding parts of the opposite side, when it 
is desired to make the latter of a form suitable for backward driv- 
ing. Involute gears of this form require a large base-circle for the 
working side .1, and a small base-circle for the opposite side. 

The strength of such a tooth, as compared with that of the 
ordinary form having the same pitch, height, and breadth, can be 
determined quite approximately by developing a tooth of each form, 
and comparing their thicknesses at or near the bottom ; when a large 
fillet is used at the bottom of the tooth, the weakest plane lies a 
short distance above the bottom. The strength of the teeth is 
approximately proportional to the squares of their thickness at the 
sections lying the same distance from the top. Having once 
obtained the ratio of strengths, it can be used for all teeth of the 
same form, as long as the pitch and breadth of gear face of those 
compared are equal to each other. 

*' Shrouding" is another method of adding strength to teeth. 
It consists of adding an annular ring or disk to one or both ends of 
a gear. This shroud may extend either partly or entirely to the 
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tops of the teeth. It forms an integral part of the gear-casting or 
forging. Since the shrond forms a rigid support for the ends of the 
teeth, shearing of the metal between the ends of the tooth and the 
shroad must occur at this point in order to allow the tooth to break 
near the bottom as a cantilever. A full shrond at each end of a 
•rear evidently increases its strength more than when part of the 
tooth stands above the shroud. The thickness of a shroad, 
measured parallel to the axis of the gear, is generally at least as 
^reat as that of a tooth at the pitch-line. 

The strengthening effect of a shroud depends upon the breadth 
of the gear, a narrow one being more strengthened than a wide one 
of the same pitch and diameter; for, while in both cases the shear- 
ing resistance added by the shrouds is the same, it forms a greater 
ratio to the cantilever resistance as the gear grows narrower. 

When a pinion engages with a large gear, the former wears more 
rapidly on account of having its teeth come into mesh more fre- 
qnently; and, if they are of the same material, the pinion conse- 
quently grows weaker more rapidly than the spur-gear, in addition 
to having been the weaker of the two at first, on account of the form 
of its teeth; hence the pinion is the one to be shrouded if this 
device is used at all. Two meshing spur-gears of the same size and 
material should both have equal shrouds extending about half-way 
to the top of the teeth, provided it is necessary to strengthen them. 
27. Short gear-teeth are much stronger than those having the 
proportions commonly used, in which the height of the tooth is 
roughly 0.7 of the circular pitch. The shorter teeth also run more 
quietly. Modern practice is adopting them to a considerable extent 
when the gears are not intended to be interchangeable. A tooth 
height of about 0.4 of the circular pitch is commonly used. Such 
teeth are especially satisfactory for cast gears used without 
machine-finishing on the working surface of the teeth. 

Mr. C. W. Hunt gives the following proportions and, in Table 
IX, working loads for the involute gears adopted by the company 
bearing his name.* They are used for coal-hoisting engines and 
similar machinery, which generally do not have solid foundations. 
The teeth are cast to form and used without machine-finisliing. 

♦ Truis. Amer. Soc. of Mecb. Engrs., vol. xviii., 1897, p. 787. 
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The notation is changed to agree with that of the formulas given 
above. 

Table IX. 

WORKING LOADS FOR SHORT-TOOTH UNCUT CAST-IRON GEARS. 
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The addendum and dedendum are each equal to 0.2 of the cir- 
cular pitch C; the clearance equals .05((?+ 1) inches; the width 
of the gear-face is 2C+ 1 inches. 

Xon-meiallic Spur-gears. 

28. Mortise-gearing is made by keying or pinning wooden teeth 
into cast-iron rims designed to receive them. Fig. 63 shows end and 
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sido views of si morti$o-g^r, tho rim K l^eing in section, so as to 
shv^w full ond and sido viows of tho wovxien teeth Tand the wooden 
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rinu. Fig. 64 is another form, the tooth-shank here being smaller 
than the bottom of the tooth, thns making a shonlder which rests 
■gunit the rim and holds the tooth from dropping down into it 
Then the irood shrinkB or is compressed by the pressare dne to trans- 
mittiog power. A pin P is used to hold the tooth in place, instead 




of the key of the preceding form; the key conld be need in both 
forms equally well, however. 

The working side of a tooth of the form of Fig. iSi is generally 
made with a deeper shonlder than on the opposite side, in order to 
allow for the wear dne to service, the tooth retaining nearly its 
original atrength till worn past the shonlder. Bevel- and spur-gears 
can both be made with wooden teeth when it is thought that the 
existing conditions to be met can be more satisfactorily fnlfilled by 
them than with metal gears. 

The more common practice is to mate a cast-iron and mortise 
gear, the smaller being of iron when tbey are of different diameters, 
the iron teeth having a thickness on the pitch-line of aboat 0.4 of 
the circnlar pitch, that of the wooden teeth being the remaining 
0.6 of the pitch, dne allowance being made for backlash and rough 
work by redncing these valnes slightly. The smaller gear is made 
of iron, because the work performed by any one tooth upon it is 
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greater tban for a tooth of the larger one; conBequently greater 
durability is obtained by thus making the emaller gear of a material 
better able to withstand wear; also, the gears are stronger, since the 
teeth of the smaller, whose form makes them weaker than those of 
the same thickness on the pitch-line wonld be on the larger, are 
made of the stronger nmteriul. Sometimes, but very infrequently, 
both gears are made with wooden teeth. 

Comparatively noiseless running at high speeds is one of the 
good qualities of mortise-gearing, this being especially marked when 
comparison Js made with a pair of cast gears; the elastic quality of 
wood makes them able to resist sudden shocks that might break 
cast-iron gears of the same size and rnuiiing at the same s])eed; they 
are very durable when van under moderate pressure with proper 
care in lubricating the teeth. 

In practice, the wooden tooth-blanks are first keyed in the rim 
and then machined to proper form in the eame manner as metal 
gears, the only difference in the two processes being that different 
cutting edges are reqnired for shaping wood and metal, aa, for in- 
stance, a saw, running at high speed, is used in a bevel-gear piuning- 
macbine when cntting wooden teeth, instead of the sharp- cornered 
planer-tool required for metal. 

The woods more commonly used for teeth are maple, hickory, 
and locust. In order to prevent swelling and shrinking as the at- 
mosphere changes its humidity, the bhmks are thoroughly saturated 
with paraffin or some other oily substunce before putting in place. 

29. Rawhide, indurated vegetable fibre, etc., are frequently 
nsed for small geara where quiet running is desired. The geara are 
nsnally made of a number of thin disks placed side by side and held 
together by a pair of motitlHc disks at the ends. Most of them are 
dnraWe under light service, hut are not strong. Under heavy 
service they may wear rapidly, if they do not break. Rawhide and 
some of the other materials of a similar nature are liable to shrink 
considerably when used in a dry place. This may be a serioua 
objection on account of reducing the diameter of the gear and caua- 
ing the disks to become loose. 

30. Factor of safety for tooth-gears. — While, as in moat oaeea 
in machine-designing, it is impossible to fix a factor of safety, since 
its value must depeud upon the conditions of each individual c 
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u examination of a few of the points to be considered may be of 
aid in selecting its valae. 

Thus, in a hand-driven crane, where the speed is slow and any 
QDakaal strain is not liable to occur, the factor nsed needs only to 
include an allowance for Haws, heterogeneoas material, and internal 
stress, it not being necessary to include shocks and stresses that 
cannot be estimated, sinco neither of these last two really exist when 
proper safety-locking devices are nsed. If the change is made to 
power-driving, however, and high speeds are used, then an allow- 
ance must also be made for the shock due to the striking of the 
teeth together. The greatest stress that can come on the crane at 
any time is calculable within practical limits, being limited to the 
breaking strength of the chain, plus frictional resistances; hence 
no allowance for unknown stress need be made. Repeated stress 
certainly does occur in the teeth of a gear in service, but the allow- 
ance for flaws, heterogeneous material, and internal stresses is 
generally so large that the material does not regularly work near 
enough to its elastic strength to make necessary any allowance for 
this cause of fracture. 

Rolling-mill machinery, stone- and ore-crushers, and other 
niachines applied to similar purposes, are subjected to shocks and 
unknown stresses. In such cases the necessary factor of safety can 
be determined only by experience and some knowledge of the nature 
of the material to be operated upon. 

31. The efficiency of spur-gearing depends very largely upon 
the frictional loss in the supporting bearings. The greater the loss 
of power in the bearings the lower the efficiency. The pressure 
between the teeth causes an equal amount of pressure upon the 
bearings supporting each gear if the bearings are on each side of 
the gear. The weight of the gear, as well as other weights and 
forces, must be taken into account when calculating the total 
pressure on the bearings. 

The experiments made by Wm. Sellers & Co. upon a spur-gear 
18.62 inches pitch diameter, having 39 teeth of H inches circular 
pitch, running on journals 2^4 inches diameter, and driven by a 
spur-pinion 5.73 inches pitch diameter, with 12 teeth of the same 
pitch, and running on one journal 2^^^^ inches and the other 1 } { 
inches diameter, both placed close to the hub of the pinion, show 
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the average efficiencies given in Table X for pressares of 430, 700, 
1100, 1600, and 2500 pounds pressure between the teeth.* 

Table X. 

EFFICIENCIES OF SPUR-OEARS. 

Revolutions of pinion per minute 8 5 10 20 50 100 200 

Efficiency, per cent 90 92 94 95.6 97.8 98.2 98.6 

If tlie same amount of power were transmitted with the larger 
gear driving tho smaller, the efficiency would be lower. This may 
be more readily seen by supposing that the journals of both gears 
are of the same size. Without friction the pressures on the 
journals of the two gears would be equal. When the resisting 
moment is applied to the pinion-shaft, the increase of pressure between 
the teeth, due to friction, over that which would be required were 
there no frictional resistance, is greater than that when the larger 
gear is the driver. The ratio of tlie increase in the two cases is 
inversely as the radii of the gears. The power required to drive a 
gear is proportional to the pressure against its teeth if the coefficient 
of friction remains constant. The change of pressure on the bear- 
ings would probably cause a slight change in this coefficient, but 
even if this should occur, the amount of driving power to be applied 
to the large gear Avhen driving the small one, in order to deliver a 
given amount of power to an opera ting- machine, would be greater 
than that necessary if the driving gear were smaller than the driven. 

BEVEL-GEARS. 

32. Strength of bevel-gear teeth. — In order to investigate the 
nature of tho pressure Unween the teeth of an accurately con- 
structed and adjusteil pair of Wvel-gears, and of the fibre-stress in 
tho material, lot it first Ih^ a&jumeil that they are not rotating, and 
that thoro is no prei^suro betwoon their tooth. Then assume that ^ 
ono is Kx*kiHl so as to proven t its turning, and that a turning force 
is appliod to tho other, thus producing pressure between the 

on^r.iijitK^ tooth. 

On iuwnint of tho el:istioity of the material, a slight deflection 



• ' K\jM*ruuvnls vn\ tho rrai\s!v.issiv>n of Power bj Uearing,** by Wilfred 
Low is rr»u$, .Via. Sh\ Mivh. Kaijrn^ . vv>l. viu, 1:^^ j\ 2To>. 
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of the teeth will be caused by the pressure on them. The corre- 
spondingly slight rotation thus allowed in the other parts of the 
gear to which the turning force is applied, will cause a point at the 
top of the large end of a free tooth to move throngh a linear dis- 
tance which bears the same ratio to the corresponding linear motion 
of a point similarly situated at the small end of the same tooth, as 
the ratio of the radial distances of the two points from the axis of 
the gear. 

If the line of contact between a pair of engaging teeth is at the 
top of the working surface of a tooth on the locked gear, the top of 
the tooth will be deflected more at the large end of the gear than 
At the small, the deflection of any point along the top of the tooth 
^ing proportional to its radial distance from the apis of the 
g^r. The linear dimensions of the tooth profile at the large 
And small ends of the tooth are proportional to the radii of the 
Addendum-circles at the ends of the gear. The profiles are, of 
conree, similar. Hence, in accordance with the property of canti- 
leTers of similar profile that (referring to Fig. 56), when the 
breadth b remains constant, as well as the ratio of the length I to 
the height A, the linear deflection at the end is proportional to the 
load P, it can be seen that the distribution of pressure along the 
liue of contact is in proportion to the radial distances from the axis 
of the gear, and also in proportion to the linear dimensions of the 
tooth sections. And, again in accordance with the property of 
cantilevers of similar profile, that, when the breadth b remains un- 
changed, the end deflection that will produce the same maximum 
fibre-stress S in each is proportional to the linear dimensions, it is 
evident that the maximum fibre-stress is the same in the tooth 
from end to end of the gear. 

If H is the large, and h the small, addendum radius of the gear, 
then the resultant pressure against a tooth acts at a radial distance 
equal to 2{H* - h*) -r- 3(H' - h') from the axis of the gear. 

The mean value of the pressure per unit length of the line of 
tooth contact equals the total or resultant pressure divided by the 
width of gear-face. In a tooth under pressure, this mean value is 
exerted at the middle of the gear-face. Therefore, a spur-gear 
having the same face width, and teeth of the same form and size as 
those of the bevel-gear at the middle of its face, is of the same 
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Btrength as the beTel-gear. If m is taken as the mean addend 
diameter of the bevel-gear, and a is the angle between the axi 
the berel-gear and the elements of the addendnm-coDe, the rai 
of the Bpor-gear mnet be m sec a, in order to agree with the sys 
of gear-teeth used for the bevel-gear. 

As in the case of spar-geare, the pitch -surface dimensions i 
be need without serious error for practical forme of gears. ' 
dimensions of the pitch-cone will therefore be nsed herea 
instead of those of the addendum-cone. 

Fig. 65 is a section of a bevel-gear. The dimensions given : 




A = largest pitch radius of bevel-gear; 
a = smalleet pitch radios of bevel-gear; 



G=- 



•iA 



- circnlar pitch at middle of gear-face; 



C = circular pitch at large end of gear; 
F = width of gear-face, measured on pitch-cone; 
B = length of a normal to pitch-cone at middle of gear-f: 
measnred between pitch surface and intersection with : 
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of gear; this is the radias of the pitch-circle upon which 
the teeth are generated for the middle of the gear-face ; 
a = angle between gear-axis and pitch-cone elements. 

The notation for the pressure is : 

-^(metn) = mean valae of pressure on bevel-gear tooth per inch of 

length of contact-line; 

P(re,) = resultant of all elementary pressures on bevel-gear tooth ; 

P' = pressure which, if applied at the greatest pitch radius of 

the gear, would produce the same torsional moment on 

the gear-shaft as the actual acting pressure. 

In accordance with the assumption just made, the resultant 
pressure /*<„») acts at a radial distance 2(^* — a') -r- 3(^1' — a') 
from the axis of the gear. This distance is inconvenient to use in 
designing, it being more satisfactory to use the pitch radius A of 
the large end of the gear. The relation between P' and ^(res) is 
expressed by the formula 

pf A ^ P ^ ^* "" ^* 

/- ^ - /-(re8)3 2^37^,. 

Whence 

2 A*- a* 

The relation between P(mean) and P(re8) is given by the formula 

■* (res) ^-^ -*'-^(!nean)» 

Therefore 

~3 AlA^ — ^v\^^(mean). . . . (33) 

The value of P(inean) corresponds to those given on the scale of 
** pounds pressure at tooth-point " in Figs. 58 and 50. The value 
of Arooan) therefore can be found on one of these diagrams by using: 
gear diameter 2R\ circular pitch (7, taken at the middle of the 
bevel-gear face; and any given or assumed working fibre-stress S» 
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If the force P' is given, and the pitch C required for a giveik 
valae of 8 and a specified gear-blank, the yalae of P(mean) is first 
found by the eqaation 

_ 3 A(,A^ - g') P' 

-* (mean) — 2 ^t _ ^t '~p> . • . . ^04; 

and then, by the diagram, the valae of C7, from which C can be 
determined. 

Example. — Let -4 = 10 inches, P= 4 inches, a = 60®, C = 
1.0472 inches (corresponding to 3 diametral pitch), and S = 3000 
pounds per square inch. Then: 

a = 10 - 4 sin 50° = 10 - 4 X .766 = 6.936 inches; 
C =: ^^^C = (16.94 X 1.047) -^ 20 = 0.887 inch; 

jl ^ i^+ct) g^^ ^ ^ 1^1.656 = 13.18 inches; 
2R = 26.36 inches. 

The value of P(mean) for 0.887 of an inch pitch, a pitch diam- 
eter of 26.36 inches, and 3000 pounds per square inch fibre-stresa 
is found on the diagram Fig. 58 to be 260 pounds. Therefore, by 
eqaation (33), 

The horse-power that would be transmitted by the gear at 100 
revolutions per minute is 

XT r> _ 900 X 2;r X 10 X 100 _ - ^^ 
^•^- 33000 X 12 ^•^^• 

Example.— Take P' = 1000 pounds, S = 2000 pounds per 
square inch, and the dimensions of the gear-blank the same as those 
in the preceding example. The pitch C" is required- 
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By eqnation (34) 

o 3 10(10)" - (6,94)' 1000 «^« 

^(mean) = ^ (1q/- (6.94/ ""4- = ^^2 pOUndB. 

Id the diagram Vig. 58, (7 = 1.65 inches. Therefore 

^ =-7- — = — ; — —- — :; — =r 1.95 mches. (End of example.) 
A + a 10+3.5^4 ^ ^ ' 

The yalae of P(meaD) in eqnation (33) can also be determined by 
formala (11), F for spar-gears and P(niean) for bevel-gears being 
identical. Sabstitnting, in equation (33), the value of -P(inean) as 
gi^en in equation (11) changes (33) to the form 



P' = l :^*^,_^* CFs[o.lOQ -^0.215^. . . (35) 



2 ^'- 

3 A{A 

The value of P(m©an) as given by formulas (21) and (25) can also 
be ased for the system of gears that they represent. 
The solution of the next to the last example by equation (35) 

gives 

' = I m^^-"-^^ X * X »««[»■- - "-^-m 

= 900 pounds. 

The side and end wear of the supporting bearings of a pair of 
bevel-gears, caused by the pressure between their teeth, both tend 
to localize the pressure between the teeth at the large ends. In 
allowing for such wear, when calculating the strength of the teeth, 
it is therefore correct to assume that the load is carried by a part of 
the larger end of the tooth. Probably a width of gear- face equal to 
the circular pitch at the large end is as great as can be safely taken 
when the apex angle a of the pitch-cone approaches near to 90"^ ; 
when this angle is very small the gear becomes more like a spur- 
gear, and the width of gear-face may be increased to 1.5 times the 
circular pitch. Allowance for localization of pressure at the small 
end of the tooth may be made in the same manner as for the large. 
Such localization may be caused by foreign matter between the 
teeth, settling of supports, etc. 
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Mortise bevel-gears are very commonly used. Shroading the 
teeth is also practised to a considerable extent. Teeth correspond- 
ing to the double helical teeth of spur-gears are less frequently 
adopted; these do not, of course, have an end sliding motion like 
that of screw-bevel and screw gears. It is believed that no machine 
has ever been put into practical use for cutting bevel-gears having 
teeth of any other form than those whose elements all intersect at 
the apex of the pitch-cone. The others are cast to form. 

33. The efficiency of bevel-gearing is less than that of spur- 
gearing, for the reason that the pressure between the teeth causes 
an end thrust on the bearings, in addition to the side pressure 
corresponding to that of spur-gears. The frictional resistance due 
to this end thrust causes a reduction of efficiency. 

FRICTION-GEAUS. 

34. Friction -gears, having smooth surfaces held in contact under 
pressure, and transmitting power by means of the frictional resist- 
ance between their surfaces, find a very considerable application in 
certain classes of machinery, notably that which is frequently 
stopped and started, and whose source of power is a constantly 
rotating shaft or pulley; they also afford a convenient method of 
obtaining different speeds when the primary shaft of a machine 
rotates uniformly. Less frequently they are used for transmitting 
power between two uniformly rotating shafts. 

When a considerable amount of power is transmitted, and the 
pressure between the gears is heavy, one of a pair of gears which are 
in contiict, is generally made of iron, and the surface of the other of 
some material such as wood, paper, leather, hard rubber, etc. 

36. Cylindrical friction-gears. — The turning force P which 
can be exerted by one smooth cylindrical friction-gear upon another 
when they are pressed together witli a force F^ tlie coefficient of 
friction of the material being //, is given by the formula 

The coeflicient of friction // for paper friction-wheels, as deter- 
mined by a series of experiments made by Prof. W. F. M. Goss,* 

♦ Trans. Am. S^ht. Mech. Engrs., vol. xviii., 1897, p. 102. 
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18 given below. In these experimeats one of the pair of wheels in 
contact was iron, and the other of compressed straw-board in '' thin 
disks cemented together nnder heavy pressure and strenghtened by 
iron side-plates, or fitted over iron centres." The edges of the 
disks were pressed against the iron wheel when power was trans- 
mitted. 

The experiments were made upon paper f riotion-wheels approxi- 
mately 5^, 8, 12, and 16 inches in diameter, all in contact with a 
16-inch cast-iron wheel. '* The contact pressure was varied from 
75 pounds per inch of width to more than 400 pounds, and the 
speed limits gave a peripheral velocity varying from 450 to 2700 
feet per minute." 
It was found that: 

The coefficient of friction // increases as the rate of slipping 
between the gears increases; 

When the slip is as great as 3^, there is apt to be a sudden 
increase in its value to 100^; i.e., motion ceases to be transmitted 
to the driven wheel ; 

*' The coefficient of friction is apparently constant for all pres- 
sures of contact up to a limit which lies between 150 and 200 
pounds per inch of width of wheel-face, beyond which limit its value 
apparently decreases " ; 

" Friction-wheels of 8, 12, and IG inches diameter give nearly 
the same value for the coefficient, while results from a 6-inch wheel 
are lower by about 10^ " ; 

'* Variations in peripheral speed between 400 and 2800 feet per 
minute do not affect the coefficient of friction." 

Fig. 66,* taken from Professor Goss's paper, shows the relation 
between the slip and the coefficient of friction which he found could 
be easily maintained with paper friction-wheels 8 inches or more in 
diameter. 

It is probable that the coefficients of friction for the other 
materials that are most commonly used in contact with metal for 
friction-gears operating under comparatively high pressures, are 
lower than those generally found by the laboratory experiments 
where plane surfaces are moved over each other at unit pressure 

♦ Trans. Am. Soc. Mecli. Engrs., vol. xviii., 1897, p. 108. 



106 FOBM, STBBNGTH, AK0 PB0P0ETI0N3 OP PABTS. 

very mnch lower id comp&rison. It is believod that the following 
yalties of ;j are as high aa can be safely need for preeaDrea of 100 
poanda or more per inch of width of gear-face: 

Metal on metal 0.2 

Leather on metal 0.3 

Wood on metal , 0.3 

A aystem of cylindrical friction-geara that is qaite commonly 
need where it can be applied, and which haa many adrantagea in 
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Fin. 66. 

the way of economy of constrQction and eaae of operation, is shown 
in Fig. 07. The larger gears, which are of iron, are placed on the 
driving and driven Bhafts, whose centres remain at a fixed distance 
apart. The small gear, intermediate between the other two, is so 
sapported that it can he pressed against the others, or withdrawn 
from contact with them, at will. It is generally made of some of 
the so-called "friction materials," and thaa affords a means of 
secaring a high coefficient of friction, and a somewhat elastic sur- 
face iu contact with the more rigid iron. 

In a pair of friction-gears having different materials on their 
working faces, it is advisable to nse the softer material on the 
driver; then, in case of excessive slipping, there is not so mnch 
danger that a flat place will be worn in the driven one. 

Another system of cylindrical friction-pnlleys that haa been 
foaud satisfactory in some cases, where the distance between the 
centi'es of the shafts can be varied, consists of two polleys, one on 
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the driring shaft and the other on the driven, and an endless belt 
of leather JEltting looselj around one, which is flanged to hold it in 
place. The face of the second pulley is slightly narrower than the 
space between the flanges of the other, so that when the two are 
drawn together the belt is pressed between the pulley faces and 
forms a cushion against which they work. The coefficient of f ric- 
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tion in such a system is, of course, that of leather on iron. This 
device has advantages in its simplicity and comparatively low cost 
of construction. It is hardly applicable for the transmission of 
large amounts of power. 

The power that can be transmitted by a pair of cylindrical 
friction-gears in practical operation is about the same per inch of 
face width as that per inch of width of the kind of flat leather belt 
that would be used on the same machinery. It depends, of course, 
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upon the pressure and coefficient of friction. When a given amonnt 
of horse-power H.P. is transmitted, the yalae of P can be fonnd 
by equation (17), § 25. 

The efficiency of firiction-gears depends very largely npon the 
frictional resistance of their supporting journals. The heavy 
pressures between them, necessary to produce the required turning 
force, brings a correspondingly high pressure upon the journalfl, 
with its attendant frictional loss. While no efficiency tests upon 
this class of transmission machinery seem to have been made public, 
it would appear probable that the friction loss in it is much greater 
than in spur-gears or belt-connected pulleys constructed with the 
same care. 

36. Orooved firiction-gears, having their surfaces grooved cir- 
cumferentially, are used when it is desired to have a tight grip 
between them without excessive pressure upon the bearings. Fig. 
CS shows a section through the rims of such a pair of gears in con- 
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tact, cut by a plane passing through the axes of both gears. The 
wedge-like action gives them increased holding power. 

There is a sort of rubbing or grinding action between a pair of 
grooved friction-gears in action which is detrimental to both their 
life and efficiency of service. The grinding action increases with 
the radial depth of the engaging surfaces; hence, if such gears are 
used, it is better to make them with a large number of shallow 
grooves than a few deep ones. 

liotli of a pair of grooved friction-wheels are frequently made of 
the same metal, cast iron being most used. Better service can be 
obtained by making them of such metals or alloys as work well 
together in journal- and step-bearings under heavy pressure. 
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The angle 6 between the sides of a groove shoald seldom be 
ouUer than 30°, bnt the increase of grip over that of « pair of 
smooth cylinders is not great It the angle exceeds 40°. 

The total preBsore acting between the sides of the grooves of a 
pur of gears with parallel axes, when the gears are pressed together 
with a force J* normal to their axes, the angle of the groore being 

f, is f C8C ^; and the tangential or turning force acting at their 

pitch-point is approximately ftF esc — , in which /< = coefficient of 
friction between the materials of the grooves. 




87. Friction bevel^ears are often used for connecting intersect- 
ing shafts where the same conditiona of operation as hare been 
mentioned for cylindrical friction-gears exist. In addition to the 
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side pressure on the bearings, there is an end thmst which may be 
80 great as to require special provisions, in the way of a step- or 
collar-bearing, to withstand it when the apex angle a of the gear- 
cone is large and the service is heavy. If F is the normal pressure 
between the gears, and a the angle between the axis of the gear 
und its face, then the value of the end thrust E may be expressed 
by the equation 

E =^ F%m a. 

38. Crown firiction-gears are used on light machinery where it 
is desired to vary the speed of the driven shaft while the driver runs 




Fig. 70. 

uniformly. Fig. 69 represents such a device. A ring Z, of leather 
or other suitable material, is held between a pair of disks on the 
shaft r, which is in the same plane, and at right angles to the axis 
of the metal disk K^ against which L presses. 

If L is the driver, moving it across the face of A' will change 
the speed of the latter, and the direction of /T's rotation will be 
reversed by moving L across its centre. When possible L should 
be the driver, since it is faced with the softer material. When this 
method of driving is used on a drill-press, where the force required 
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to torn the drill-spindle increases as the speed of rotation decreases, 
as is the case when changing from a small to a large drill-bit, 
L should always be the driver, since its leyer-arm about the axis of 
K increases in the same proportion that the speed of K decreases, 
the speed of L remaining constant. 

891 Double-cone, variable-speed friction-gears. — A special form 
of friction-gears for variable speeds is shown conventionally in Fig. 
70. The mechanism consists of a pair of similar cones, A and By 
with smooth surfaces, placed side by side on parallel axes, and 
separated a slight distance to allow a short endless belt G to pass 
between them. Their pressure against the belt serves to transmit 
power between them as they rotate. The belt is held in position 
by a shifter, not shown ; by moving it along from end to end of 
the cones when they are running, their speed ratio can be varied. 



CHAPTER III. 
BELTS AND HOPES FOR POWER TRANSMISSION. 



FLAT BELTS. 

40. When a belt is transmitting power by its frictioiial reaiat- 
ance agaiDst the face of a pulley over which it passes, there must 
necessarily exist a difference of tension in it, at the points of tan- 
gency with the pulley, eqnal to the torsional force exerted upon the 
pulley. The tensile stress gradually increases from the point where 
the helt first comes in contact with a driven pulley to where it leaves 

The torsional force that can he transmitted to the pulley 

lends jointly upon the helt tensions, coefficient of friction 

Wtweeii the belt and pulley face, radius of pulley, velocity at which 

ithe belt travels, aud the weight of the belt per unit of length. 

KlFhe last three i tenia must be included on account of the centrifugal 

I force exerted on the belt as it passes around the pulley, which force 

reduces the pressure against its face, and is the principal factor 

which limits belt speed. The centrifugal force becomes greater as 

the speed increases, nntil, at high velocities, the helt is partly lifted 

from the pulley, aud consequently but little turning force can be 

transmitted by it. 

41. Equation! for pover transmisBiaii by flat belts. — Hy the use 
of tlie efjuations developed below, the torsional force that can be 
exerted by a belt, and the relations between all quantities involved, 
can be determined. The following notation is used : 

A = sectional area of belt, square inches; 
C = centrifugal force for 1 cu, in. of belt, pounds; 
n.P. = horse-power transmitted; 

P — turning force exerted hy the belt against the pulley 
= T^- T;, pounds; 



J 
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R = radius of pulley, feet; 
T=: total tension in belt at any section, pounds; 
T^ = total tension in belt on tight side, pounds; 
T^ = total tension in belt on slack side, pounds; 
Tf = total tension in belt when at rest, pounds; 
V= velocity of belt, feet per minute; 
c = centrifugal force per linear inch of belt, pounds; 
g = acceleration due to gravity = 32.2 ft. per sec. ; 
p = pressure of pulley against 1 linear inch of belt, pounds;, 
r = radius of pulley or sheave, inches; 
t = working tension of belt, pounds per square inch; 
tr = tension in belt when at rest, pounds per square inch; 
V = velocity of belt, feet per second ; 
w = weight of belt per cubic inch, pounds; 

z = ^r,»r^A y nsed for convenience only ; 

a = arc of belt contact, degrees; 

= .001746a = arc of contact between belt and pulley, circular 

measure (radians); 
/i = coefficient of friction between belt and pulley; 
€ = 2.71828 = ioo«««* is the base of the hyperbolic, Napierian, 

or natural logarithms. 

The general equation for the centrifugal force acting on a body 
tooving in a curved path is 

, ^ ., , - V (mass) X (square of velocity) 

(centrifugal force) = ^^ \. ^. : ^. 

^ ^ ' radius of curvature 

The specific form for the present case is 

t^yy' _ ^F-=-60)' _ 1^ wV^ 
g R~ g{r-T- 12) ~ 9660 r ' 



or 



_ wv* __T wt^_ _1_T wV* 
^"gR^tgR^ 9660 t IT' ' ' ^^^' 



114 FORM, STRENGTH, AND PROPORTIONS OF PARTS. 



1 wV 



By putting z = ^^ -y- for convenience, equation (36) reduces to 



c=T-. 
r 



(37) 



Fig. 71 shows a pulley with a belt passing around it, the angle 
of contact being 6. The nature of the forces that act along the 





Fig. 71. 



Fig. 72. 



arc of contact, and the relation between the belt tensions T^ and 
To, when the belt is just beginning to slip, may be determined by 
taking an elementary length of the belt = ds, embracing an angle 
dO on any part of the arc of contact, and considering it as a free 
body, as shown in Fig. 72. 

The forces which hold this elementary body in equilibrium are, 
first, 7^ and (T-\- dT), normal to the end sections and making an 
angle dO with each other, whose resultant force acts to press the 
belt against the pulley; second, cds, the centrifugal force; third, 
j)ds, the pressnre of the pulley against it; and fourth, dF= f^tpds^ 
the frictional resistance along its surface where it is in contact with 
the pulley. 

The resultant of Tand (7'+ dT) can be taken as normal to the 
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surface of the belt, since dT is small in comparison with T, This 
resnltant is counterbalanced by pds and cdsy dF not having any 
eomponeat normal to the belt surface, since it acts along the sur- 
face. The following equation for the value of pds can now be 
irritten 

pds + cds =Tsm^+ {T+ dT) sin ^, 

in which d0 is so small that its sine can be taken as equal to the 
angle in circular measure, and rfT'fsin ~j, being the product of 
two snfiall quantities, can be neglected ; the equation thus becomes 

pds + cds = TdOy 
or 

pds = TdO — cds, 

which, by substituting the value of c given in equation (37), takes 
the form 

pds=Td6--T-ds; 

but 

ds = rdd, 
therefore 

pds = T{1 - z)d6 (38) 

By eqnality of moments about 0, 

T+dT= T+Mpds; 
whence 

dT = pipds. 

And by substituting the value of pds as shown by equation 
(38), this becomes 

dT = mT{1 - z)de. 

Further solution of this equation gives 



i.'"^" "<'-"/"*' 
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whence, by integration and farther solation: 

hyp. log ^= Ml- 0)^; 



or 



and 



To 



= eM«(i - «) = lo-^^^''^'**^^ - *) • 



Tn = €''«<1 - '^To = 10W"«M<1 - «)^^; 



Tn 



Tn 



10- 



e^^l-g)-! _ 10.00758Ma(l-«) - 1 



eM^i - z) 



]^Q.00758fwi(l - «) > 






€M«(1 - 2) — 1 



10«0^WA*a(l - 2) __ 1" 



(39> 
(40) 



P — 7W To — Tn ^ai-z) — ^» 1O.00T68o«(l-x)> (*^^ 



(42> 



(43> 



For the values /i = 0.3, and 6 = n^ (i.e., a = 180**,) eqnationa 
(42) and (43) reduce to 



P=Tn 



gO .94248(1 - z) -_ 1 
£.94248(1 - X) 



?'» 



l()0.40988(l -«)__! 



X00-40962(l 



riij-. • . (*4> 



and 



^.94248(1 - t) 1 O0.409S2(l - z) 

m p p_ -"-^ 



g0.94848(l - 2) _ 1 



100.40932(1 - «) _ 1' 



. (45) 



Table XL 

ANGLE OF CONTACT a ON THE SMALLER OF A PAIR OF PULLEYS 
DIRECTLY CONNECTED TOGETHER BY A BELT. NO ALLOWANCE 
FOR SAG OF BELT. 

D = diam. of large pulley ; d = diam. of small pulley ; (7= distance be 
tween pulley-centres. 



D-d 


Angle of ContAct. 


D-d 


Angle of Contact. 


£>-d 


Angle of Contact. 


C 


Degrees. 


C 


Degrees. 


C 


Degrees. 


.05 


177.13 


.80 


162.74 


.55 


148.07 


.10 


174.27 


.85 


159.84 


.60 


145.07 


.15 


171.87 


.40 


156.90 


.65 


142.07 


.20 


168.50 


.45 


158 67 


.70 


189.00 


.25 


165.64 


.60 


151.04 


.75 


185.84 



F.M -1 . J. 
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Szample. — Find the sectional area of a belt to transmit 200 
H.P. when running at 4500 feet per minute, and working at 400 
pounds tension per square inch on the tight side; the arc of contact 
on the working pulley having the smallest portion of its circumfer- 
ence embraced by the belt, being 160**. 

The value of the turning force P which must be exerted by the 
belt is found by the equation 

„ 33000 H.P. ,,^, 

P = Y — ; (^6) 

^hich becomes, by the substitution of numerical values, 

-, 33000X200 ,_^ , 

P = T— 17^ = 1467 pounds. 

Equation (43) is applicable to this problem. The value of z to 
te used in the equation for this problem, for belting weighing .035 
pounds per cubic inch, is 

_ .035(4500)' _ 
^ ""9660X400 ~-^^*- 

Substituting this value of z in equation (43), together with that 
^^ -P found above, and taking pi = 0.3, gives 

-, 1000758X0.8X160(1 -.184) 10.2967 

^•= 1467—— = 1467 — — 

lO-**'^^ ^ ^'^ X 160 X .816 _ 1 ^^" * 10-^*^ — 1 

= 1467^^i^ = 2960 pounds. 

The sectional area of the belt is therefore 

A = 2960 -f- 400 = 7.4 square inches. 

If a belt ^ of an inch thick is used, the width will be 
^'^ -r ^j = 24 inches (about). 

The turning force per inch of width of belt is 1467 -r- 24 = 61 
pounds. 

A working strength of 400 pounds per square inch is doubtless 
higher than should be used for a belt that works nearly or quite up 
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to its rated capacity continuously; from 200 to 300 pounds per 
square inch is more advisable. 

When the belt is at rest, the tensions are practically equal in 
both stretches between pulleys. The sum of the tensions, T^ + 7J,, 
is greater when a belt is transmitting power than when running idle^ 
or standing still. For a horizontal belt working at 400 pounds 
tension per square inch on the tight side, and haying 2^^ slip (i.e., 
the surface of the driven pulley moving 2^ slower than that of the 
driver) on cast-iron pulleys, the increase of the sum of the tensions 
may be taken, for speeds up to 1000 feet per minute, as an average 
of about i of the value when the belt is idle. At high speeds the 
centrifugal action tends to reduce this increase, until, at the speed 
giving a centrifugal tension equal to the initial tension, they become 
equal on the two sides, and of the same value as when the belt ia 
idle. It is on the safe side, so far as the stress in the belt is con- 
cerned, to allow for the full increase of tension, however, hence it 
will be so taken. Calling the tension in each side, when the belt 
is at rest, 7^, the relation between T^ and the sum of the working 
tensions is expressed by the equation 

4(27',) = 7;+^; 
whence 

7;. = 1(7; + 7;). 

The value of 7^ has just been found above; that of TJ, may be 
obtained by the equation 

7; = 7; - p. 

Substituting this value of 7^ in the last equation gives 

Tr = g(27; - P) = S[(2 X 2960) - 1467] = 1670 pounds. 

This is the tension that must be maintained in the belt, when 
at rest or running idle, in order that it shall not have more than 2% 
of slip when working under the full load for which it is designed. 
It corrosjK>nds to a tension T per unit area of section, when the belt 
is at rest, of 

tr=^ Tr -T- A = 1670 -7- 7.4 = 226 pounds per square inch. 
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The required tension may be fairly well maintained by having 
the pulleys so that the distance between their centres can be 
adjusted, or by using an adjustable idle pulley as a tightener. 
When no means of pulley adjustment is used, the belt must be 
shortened at intervals in order to allow for the permanent stretch 
that continually occurs throughout its life of service. To allow for 
this stretch, the belt must, at each adjustment, be made shorter 
than is necessary to produce the required tension of rest. The 
tension, when shortening, may be weighed by a pair of belt-clamps, 
fitted with springs and a graduated scale, used to draw the ends 
together while the belt is in its working position. 

If, in the example just given, pi is taken as 0.4 instead of 0.3, 
the following values are found: 

T; = 2460 ; T; = 1295 ; and t^ = 175. 

42. The coefficient of friction //, and slip of leather belting. — 

The coefficient of friction is an exceedingly variable quantity, 

generally lying between 0.25 and 1.0 for leather in good working 

order running on smooth iron pulleys; its value is even greater than 

this in some cases. The coefficient is somewhat higher for the same 

belt on wooden pulleys than on iron, and leather-covered pulleys 

give still higher values. A change in the intensity of pressure 

between the belt and pulley aftects the value to a slight extent, 

decreasing it as the pressure increases; but, for ordinary working 

conditions, it may be considered as constant between the limits of 

pressure that can be used with reasonable durability of belting. 

It has been found by several experimenters that the coefficient 
of friction increases as the slip of the belt over the pulley increases. 
The higher values therefore appertain to a high rate of slipping. 
If too much slipping occurs, there is danger that the heat generated 
will dry, or even burn, the surface of the belt, and thus not only 
weaken it, but at the same time reduce the coefficient of friction. 

A slippage of 3^ (i.e., a velocity of the driving-pulley face 3^ 
faster than that of the driven) is probably as much as should be 
allowed in general practice, 2^ being a good value. The rate of 
slipping, at which the higher values of the coefficient are obtained, 
varies from 10<£ to as much as 20^ in some cases. 
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Belt-driven machinery that works against a high resistance for 
s short interval, as is customary with punching and shearing ma- 
chines, should not have a maximum reduction of speed, and con- 
sequent rate of belt-slip, greater than 20^ during the working 
period. Machines expending energy during a greater portion of 
«ach cycle should have a smaller variation of speed on accoant of 
the greater liability of the driving belt to slip from the pulleys. 

With a belt in fair working condition, the coefficient of friction 
p. can safely be taken as 0.3 when the slippage is as much as 2^; 
probably 0.4 is allowable in a majority of cases. Fair working con- 
dition means that the surface next the pulley is not hard, dry, or 
cracked, or the belt stiff for the lack of belt dressing, but soft, 
pliable, clean, and running without excessive vibration. 

When a belt becomes hard and dry, it can be softened, and the 
coefficient of friction increased, by the application of a suitable belt 
dressing, provided the belt has not been too long neglected. 

48. Working strength of leather belting. — Tension causes a 
leather belt to elongate continuously throughout its life; upon 
removal of the tensile stress it will partly return to its original 
length, but a permanent elongation always remains. Both the total 
and permanent elongations increase much more rapidly during the 
earlier part of its life than later, if the belt is always used under 
the same conditions. During the time of its efficient service the 
elongation is very nearly uniformly distributed throughout the belt; 
but when it has elongated a certain percentage of its length, the 
stretching becomes uneven, and consequently the belt soon gets 
crooked and unfit for service. 

It may be stated almost as an axiom that the elongation is more 
rapid tlie greater the stress. The life of a belt, therefore, grows 
shorter as the working stress increases. The permanent stretch 
that a belt will endure before becoming useless is probably a nearly 
constant percentage of its length, which, for good belts, may safely 
be taken at least as great as 6^ for leather.'*' 

Mr. F. W. Taylor, in a carefully kept record of the performance 
of belting in continuous use for nine years in the machine-shop of 

* Notes on Belting, by F. W. Tajlor. Trans. Am. Soc. of Mech. Engrs., 
vol. XV., p. 204. 
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theMidvale Steel Co., finds that double leather belting lasts well 
under a total load, t^ of 240 pounds per square inch of sectional 
area, the annual cost of repairs, maintenance, and renewals amount- 
ing to not more than 14^ of the first cost. When the stress is kept 
at 400 pounds per square inch of section, he finds that the annual 
expense for the same items becomes about 37^ of the first cost. It 
should be kept in mind that these are the continuous working 
Talues and not, as is often the case, the maximum load under which 
a belt may work for a short time, the stress being much less most 
of the time, as, for instance, a belt driving a dynamo which carries 
its full load of lights or motors during only a small part of its run. 
When a belt is laced together at the ends, the strength of the 
joint varies from 50 to 95^ of that of the belt; the average efficiency 
of the laced joint is about 70^.* The average strength of joints 
made with metal fastenings is less than that for lacing. A carefully 
made cemented joint gives a strength about the same as that of the 
helt. This method of splicing, making what is commonly called 
^ endless belt, is unquestionably the best for all cases of ordinary 
Application, and becomes almost a necessity for high speeds, since 
any heavy place, such as a laced or metal-fastener joint, causes 
▼ibratioa. ^ 

By inspection of equation (43) it can be seen that, for a given 
belt working under uniform conditions as to velocity and turning 
force transmitted, the total tension, Tnj decreases as the coefficient 
of friction, /i, increases; hence if, in designing a belt, the value of 
f^ is taken as small as it will probably ever be for that belt, it is 
reasonably safe to say that T^ will never exceed its calculated value 
^ loog as the belt works against a constant load. 

An increased resistance of the pulley, and consequently of the 
taming force P, will increase T^ and the pressure against the 
palley, at least on the part of the arc of contact next to the tight 
side of the belt; if there is no automatic tightener, and the distance 
between pulley centre^ is kept the same, the elongation of the tight 
side of the belt, due to its increased tension, will decrease the 
tension in the slack side; the coefficient of friction will decrease 
slightly on account of the increased pressure against the pulley over 



Digest of Physical Tests, Jan. 1896, p. 46. 
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the larger portion of the arc of contact, and the final result is that 
the belt slips. But the slipping increases the valae of //, and a 
greater turning force is exerted than when the resistance of the 
pulley was first increased. 

From the above it can be seen that a long belt, keeping within 
practical limits, is better able to withstand suddenly increased loads 
than a short one, both on account of its greater capacity for elon- 
gating, and its greater ease of slipping. For these reasons it is not 
advisable to make belts short, even when they run at the speeds 
customary for transmitting power, if there is any probability that 
suddenly applied loads will come upon them. 

In practice it is seldom possible to measure the tension in a belt 
when it is working. There is no reason, however, that the tension^ 
practically equal in both stretches between pulleys, should not be 
known at the time of putting it in place or of tightening after it 
has become loose by service. This can be done by drawing the ends 
together with spri ug belt-clamps made to weigh the tension, as has 
been mentioned before. The belts used in Mr. Taylor's experi- 
ments, already cited, were adjusted in this manner. He finds that 
double leather belts, tightened to 240 pounds per square inch of 
section, or 71 pounds per inch of width, wheir at rest, and when 
made to exert a turning force on the pulley of 65 pounds per inch 
of width, will stretch so that the tension falls to 106 pounds per 
square inch, or 33 pounds per inch of width, in an average time of 
two and one half months of service, their average tension during 
this time being 150 pounds per square inch, or 46 pounds per inch 
of width. 

Mr. Taylor concludes that, for continuous working, a double 
oak-tanned and fulled leather belt will give an effective pull of 35 
pounds per inch of width on the face of the pulley when the arc of 
contact is 180°; and that other types of leather belts, and 6- to 
7-ply rubber belts, will give an effective pull of 30 pounds per inch 
of width for the same arc of contact. 

In iron-working machinery, such as lathes, planers, and drill- 
presses, 50 pounds per inch of width is quite commonly taken as the 
effective turning force or pull per inch of width for 180° of contact. 

44. Velocity of leather belting.— Below 2500 to 3000 feet per 
minute, the velocity of a belt has but slight effect upon the length 
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ii Hi lift. Tht most economical speed is probably from -KKXi to 
i^M 2b» per stiimte. Higher Telocities, np to about 6000 feet per 
Kisck;. wiL gcDenHj increase the driTing power if the belt is 
▼ortec ft2 high icnsioD, bat the life of the belt is shortened, and 
rJeibK. coobbocIt called *^ flapping/^ is liable to occar. It may 
i^ Txs fron sde to side of the poUey, an action known as 
^'dasEr"': ihie is more apt to occnr in a thin, pliable belt than a 
tiiiek, scf coe cif the same width. At higher velocities the cen- 
tnfBci2 f ofce becoBies an objectionable feature in addition to these, 
iod. r^fsi if the belt mns smoothly, leas power can be transmitted 
tianai^owcr spccda. 

Thezi I = 1 in the equations for belting, the turning force 
P=^*\ ibe te&Boo in the belt due to centrifugal action being equal 
'u> tbf- vQfking stma. For a belt weighing .035 pounds per cubic 
!Q£2L a&d adjsftod to work at 4i*0 pounds per square inch tension, 
: = I when the Tdodty is lOoC^d feet per minute; and for a working 
^<OB«i «f ^X» pounds per square inch 7 = 1 for a Telocity of T430 
to per minniffL These are the velocities at which the turning 
^tfte a&d the power tiansmitted become zero. 

Bdt speeds d buw feet per minute, and even more, are common 
in vood-woddng machinery having pulleys as small as 4 inches in 
dttmeter, or leee. Thin leather belts are sucoessfuUv used for such 
▼orL 

When speeds as high as o^Xmj feet or more per minute are used 
in ooonectmi with pulleys as small as one inch in diameter, a woven 
lisen web or tape his been found better than leiither.^ 

45. Wear af leather belta. — Each time a belt is beni by pasing 
orer a poIleT, the fibres farthest from the pulley are elongated, and 
thoae next to it compressed. The continuous repetition of the 
bending when the belt is in service has a tendency to crack the 
leather, pArticoluiy on the side away from the pulley. The smx>ih 
or hair side of a sin^ belt is more easily cracked by this action 
than the flesh sde. It is therefore advisable to run the hair die 
next the poUeys. Again, there is a slight wear on the surface of 
the belt that tjum e a in contact with the pulleys. The fiesh side is 



*>lr. Jolxa T. Hawkins, in Tn&s. Am. Soc of MecL. EngrsL., v^d. vn., 
18M, pL Sfifi. Beb naed fw stereocjper's roating-mnrLine. 
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Rawhide belts with tanned-leather faces have the tanned leather 
pasted on the rawhide with sizing or glae. Under heavy service 
this facing is apt to come loose after a considerable time. 

48. Cotton belts are generally made by folding together several 
thicknesses of cotton canvas or ducking, and fastening them by 
stitching or otherwise. They are sometimes woven solid so that no 
folding is necessary. Their strength is probably greater than that 
of any other form of belts commonly used. The coefficient of 
friction is rather low when the belt is need dry without any filling, 
sizing, or dressing. When properly sized or dressed, however, the 
coefficient of friction is equal to that of good leather belts. A 
weather-proof brand which is placed on the market seems to give 
excellent service for out-door work of the most trying kind. In it 
the interstices seem to be completely filled with the sizing, which, 
on the outside at least, is water-proof. It seems to be as dnrable as 
rubber belting, and has the advantage that there is no thin layer of 
rubber to rub or roll off, as is the case with the latter when excessive 
slipping occurs. 

The weight of cotton belts depends largely upon the kind and 
amount of sizing that is used. Belts showing the following weights 
have been found in service: 0.026,- 0.033, 0.037, 0.044, and 0.050 
of a pound per cubic inch. The latter is the weight of the weather- 
proof belt mentioned above. 

Cotton-leather belting is made by stitching a piece of thin 
leather to a cotton belt so as to make a leather facing on one side, 
which is used next the pulley. An unsized belt can be given a high 
coefficient of friction in this way. The facing is apt to tear off, 
especially in service where the belt must be shifted from step to 
step of a cone pulley. 

49. Eubber belting is composed of a cotton web with a compo- 
sition of rubber filling all its interstices and completely covering it. 
Wiien of good material it is not injured by moisture, and is there- 
fore excellent for damp places and out-of-door service. The 
coeflicient of friction of good rubber belting is high. If the rubber 
compound is poor, the coefficient of friction may be low, and the 
compound will crack. When overloaded and caused to slip on the 
pulleys, the rubber is in danger of peeling loose and rolling up so 
as to tear off considerable areas, thus destroying the belt. Tbo 
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weight of rubber belting is about 0.045 pounds per cubic inch. 
The joints of rubber belting can be cemented by coating the sur- 
faces with uncured rubber in solution and vulcanizing the splice 
^th steam-heated clamps placed over it. 

60. Leather-link belts. — Figs. 73 and 74. These are made of 
small pieces of leather, generally from one to two inches long and 




Fig. 73. 



Fig. 74. 



fire-eighths to seven-eighths of an inch broad, perforated at each 
end at right angles to the natural surfaces of the leather. These are 
fastened together by pins through the holes so as to form a chain or 
belt of any desired width and length. The pins are generally of iron 
or steel, and of such a size as will fit the holes in the links. The edges 
of the links are exposed and form the broken surface which comes in 
contact with the pulley. In the better makes of this kind of belts 
each pin extends only half-way across its width, and the two half- 
belts thus formed are fastened side by side, to form the complete 
width of belt. By this means the belt is allowed to take the form 
of a " crowned " pulley whose face is made of two cone frusta 
placed base to base. A round piece of leather is sometimes used for 
uniting the links, instead of the steel pins. A belt thus made will 
adjust itself to a pulley whose crowning consists of a smooth curve, 
such as an arc of a circle. 

The coefficient of friction of link belting seems to be about the 
same as that of good leather belts, possibly somewhat lower. The 
weight per cubic inch generally runs, for metal pins, from 0.035 to 
0.050 pounds. On account of its great thickness it is much 
heayier per unit area of working surface than solid leather belt- 
ing of the same capacity for transmission. 

Lieather-Iink belting is especially applicable to connecting a large 
and small pulley that are placed near together in the same horizon- 
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tal plane, their axes being horizontal. This is because, on account 
of its weight, it can be very slack, and, the slack side being above. 
it sags down so as to make a large arc of contact on the palleys, 
thus increasing the turning force without making the belt exces- 
sively tight, as would be necessary with any of the ordinary solid 
belts. 

When a link belt breaks, it is generally without warning, and, 
on account of its weight, it is capable of doing serious damage, 
when running at high speed, by striking whatever may be in its 
path. 

51. Effect of relative positions of pulleys. — When the axes of 
the driving and driven pulleys are in the same horizontal plane, and 
the loose side of the belt is uppermost, the arc of contact on each 
pulley is increased, both by the sagging of the loose side as the load 
is applied, and by the tightening of the lower side to a more nearly 
straight line on account of the increased tension in it. Onaccoant 
of this increase of the arcs of contact, the tension is smaller on the 
tight side of the belt than it would be if the rotation of the pulleys 
were reversed, thus bringing the slack side below and decreasing 
the arc of contact; hence it is always advisable, when possible, to 
run the pulleys so that the slack side of the belt will be uppermost. 

Again, suppose that a large pulley is driving a comparatively 
small one placed vertically below it; the arc of contact on the small 
pulley will be much less than on the large one, and, in addition to 
this, the tension in either stretch of the belt at its point of tangency 
with the small pulley will be less than at the similar point on the 
large one. The difference of tension at the top and bottom of a 
stretch of the belt is the same as the weight of a portion of the belt, 
equal in length to the vertical distance between the points of 
tangency. Xow suppose the small pulley is placed above the large 
one; the greater tension in the belt, still remaining at the upper 
pulley, will be applied so as to counteract, in a measure, the effect 
of the reduced arc of contact, while before, with the small pulley 
below, it was cumulative with it. No further investigation is 
necessary to show that it is advisable to place a smaH pulley above 
a large one, especially when the belt has a considerable length. 

For inclined positions of a belt connecting pulleys running on 
horizontal axes, the two facts brought out above should be taken 
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inU consideration. Tiieyimlic&te tliat the slock belt stiould always 
he kept above, and ttieamail pulley higher than the large one, when 
Uwjare not at the siune level, and when other conditions ft-ill ad- 
nit of «uch an arrangpnient. 

Wliatever the relative positione of a ]mir of pulleys, the tension, 
ifiideoT stretch of belt, ut the point of taugeucy with the ii}iper 
pulley, h greater than that at the eimilar point on the lower one. 
Iff in amoant the eiinie ns the weight of a length of the belt equal 
to the v*riic!U distance between tlie points of tangency. 

$3. A special tystem of flat-belt driring is illustrated in Fig. 
applicable to close groupiug of niachiniTy. 




The belt is tightened by the uiechanisni shown near the eugine- 
cyliudcr. 

The driving capacity of this device, when used with ordinary 
double be]t«, and with a contact on the large pnlley at least as great 
ID linear meastrre as that on the small or driven pulley, can be 
Mfrij taken as 1 11. P. \iet inch of belt width for a belt Bpe«d of 
7S0 feet per minnte.* 

•CommunioLiinii from A. L. Ide Si Sous. 
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58. Efficiency of flat belting. — The power losses in flat leather 
belts are chiefly due to joarnal friction and belt slip. There is also 
a small loss caused by bending and straightening the belt as it rans 
on and leaves the pulley, but it does not seem to be great enough 
to need consideration. The slip is sometimes considered as made 
up of two elements, the creeping of the belt over the pulley, due to 
its elongation as it passes from the slack to the tight side, and the 
actual slip, which allows all parts of the belt to move at the same 
rate, faster than the driven pulley face or slower than the driving 
pulley. The effects of both are the same upon the efficiency, hence 
it does not seem necessary to separate them when dealing with thia 
property. 

If the journals are larger than necessary to withstand the pull 
of the belt, or the latter is working above or below its normal 
capacity, the efficiency is lowered. 

The efficiency of flat leather belting is probably never greater 
than 97^ in the grades of machinery that are generally used in 
practice. This refers to well-made machines with journal-bearings. 
If bearings having a very low frictional resistance, such as ball- 
bearings, are used, the efficiency might be increased to 98^^, or 
possibly more. Probably 95^ is a fair average for good practice 
when a belt is working at or near its most economical rate. 

Crossed belts require less tension to transmit a given amount of 
power, on account of having greater arcs of contact on the pulleys 
than open ones; hence, if there is no rubbing together of the two 
stretches between the pulleys, the efficiency should be higher. 
Rubbing is almost certain to occur, however, thus adding an 
additional power loss. The rubbing may be of small consequence 
if the pulleys are of the same size; but if their diameters are greatly 
different, and especially if they are near together, a very consider- 
able rubbing pressure is almost certain to be caused. The power 
loss under such a condition is proportionately large. It is seldom, 
possibly never, advisable to use a crossed belt when considered with 
regard to power transmission and belt economy. 

Idle pulleys, used as tighteners or guides, lower the belt 
efficiency on account of the additional power that is required to 
drive them. 

The efficiency of the other kinds of flat belting mentioned in 



BELTS AND ROPES FOR POWER TRANSMISSION. 131 

the preceding paragraphs does not differ enoagh from that of 
leather to be practically appreciable. 

ROPES. 

94. Bopety nmning on grooved pulleys or sheaves, are largely 
need for the transmission of power. The name ^'sheave" is applied 
to a pnlley with bnt one groove; when there are two or more 
grooves the name **grooyed pulley" is generally used. 

While ropes are very frequently used for transmitting power 
between shafts that are parallel and at such a distance apart as is 
common for leather belts, their especial application seems to be that 
of connecting shafts that are not parallel, or are at a great distance 
apart. On account of their approximately circular form of section, 
they bend with equal ease in all directions, hence '* quarter turns " 
and bends in various directions are not nearly so severe upon them 
as npon flat belts. Ilemp, cotton, and wire ropes are the varieties 
almost exclusively used for power trausmission, although leather, 
rawhide, and other materials are used to some extent, generally for 
light work. Manila hemp is generally called '* manila," and the 
special make, which is largelv used for power transmission, is called 
"Stevedore." 

Fibrous Ropes. 

55. Two systems of driving with fibrous ropes are in general 
use. They are commonly known as the Continuous or American 
system, and the Multiple or English system. 

In the multiple system there are as many separate, endless ropes 
as there are grooves in each of the system of pulleys over which all 
the ropes run. Each rope always runs in the same groove of each 
pulley. The ropes are, of course, parallel to each other, practically 
speaking. The multiple system is generally used for transmitting 
very large amounts of power. 

In the continuous system, shown in Fig. 76, there is a jsingle 
endless rope, wound continuously over the pulleys. The winding 
is such that a point in the rope, starting at the groove at one end 
of any pulley, passes from this groove to the first groove of each of 
the other pulleys, then to the second groove of the first pnlley and 
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of the other palieys in saoceBsion, thence to the third groove, and 
80 on, until it has passed throagh all the grooves; it then passes 
over a single-groove gnide-sheave, which leads it back to the first 
groove of the first pallej. The guide-sheave is often made to serve 
the double purpose of both guide and tightener. When used as 
a tightener it is supported on a carriage which is free to travel back 
and forth on a track or guide; weights are attached to the carriage 
to keep the tension of the rope uniform. The tension carriage must 
be free to have a considerable range of travel, in order that it may 
adjust itself for variation in the length of the rope, which may be 
caused by change of load, condition of the atmosphere, the gradual 
lengthening of the rope with service, and other influences. The 
tension-carriage should always be placed on the slack side of the 
rope. In Fig. 76 it can be seen in the upper middle portion of the 
figure. The tension-weight is shown alongside the column. 

There are numerous modifications of the arrangement of the 
tension-carriage and guide-2)ulleys, to conform with local conditions, 
one or more idler sheaves frequently being added to guide the rope, 
but the principle is the same in all. 

The method of transmitting power by ropes to the different 
floors of a building is shown in Fig. 77. 

A varying load on a contiuuous-systenf rope-drive causes un- 
equal tension in the stretches of rope between the pulleys. This 
can be seen by assuming that a drive which is running for some 
time without any load other than the journal-friction of the 
machinery immediately appertaining to the drive, has a load equal 
to the full capacity of the drive suddenly thrown upon it. While 
running light the tension in each stretch of rope, on both sides of 
the pulleys, is practically equal to that caused by the tension- 
carriage, i.e., equal to one half the effective weight on the tension- 
carriage. As the full load is suddenly applied, all the stretches of 
rope on the slack side are slackened somewhat more by the stretch 
of those on tlie tight side; the tension-carriage, however, maintains 
the same tension in the stretch between it and the driven pulley. 
Consequently when a length of rope approximately equal to one 
lialf of what would be required for connecting both pulleys with a 
single band has passed from the tension-carriage to the pulley, the 
tension on the tight side in the first stretch after leaving the 
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Assaming that rope 1^ inches in diameter will be nsed, and that 
it will work under a tension equivalent to 200 poands for a rope 
1 inch in diameter, the working strengths being taken as propor- 
tional to the squares of the diameters, gives, for the working 
strength or the 1^-inch rope, 

25 

- X 200 = 312.5 pounds. 

The number of 1^-inch ropes required is, therefore, 

3135 -7- 312.5 = 10 (about). 

The tension that must be pat on a rope when at rest may be 
determined in the same manner as for a flat belt. It is not known, 
however, that any experiments have been made to determine 
whether there is the same increase of the sum of the tensions in the 
two sides of the rope when working, over that when at rest, as there 
is in flat belts, but it seems reasonable to assume that such is the 
condition. Upon the assumption that the increase is one third of 
the sum of the tensions of rest, the tension in each stretch of the 
rope when at rest is, as for the flat belt, taking into account the 
fact that there are ten stretches of rope between the pulleys on each 
side, 

Tr d2T„-P 3 (2 X 3135) - 1467 ,^^ , 

I0=8— lO— = 8 To = 180 pounds. 

If a tension-carriage is used, as in the continuous system, the 
effective weight for producing the total tension To on the slack sido 
of the rope must be 27^^ -f- 10, since there are 10 ropes in this par- 
ticular drive. Therefore the effective weight of the tension- 
carriage must be 

2_7; ^ 2(7; -P) ^ 2(3135 ^ 1467) ^ 

10 10 10 F^uiiua. 

57. The grooveB for non-metallic ropes found in practice are of 
numerous forms. The most common angle between the sides of 
the groove is about 45°, however. It varies from 30** to 60° in 
extreme cases. It is clear that the smaller this angle, the tighter 
the rope will wedge into it, and the less liable will it be to slip. 
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Hon power will be required to poll it out of a sharp-angled groove, 
honTer, thna causing more power loss; it is also possible that there 
will be more wear of the rope. la some forms the sides are 
stnifht, as in Fig 78, while ia others they are curved, as in Fig. 




79,* where ia the centre of curvature for the left side of the 
groore; the right side has a similar curvature. 




In a groove with curved aides, the angle between the sides 
where the rope comes in contact with them, when resting lightly in 
the groove, is smaller than would be used for atraight sides; at the 

* Redimirii from prints kindlj furnished bj the Walker Company, Cleve- 
land, Ohio. 
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bottom it is larger. This arraugetnent secnres a good grip ot the 
rope when it is at or near the top of the working part of the groove, 
bnt allnwB it to slip more readily when, on account of wear, it n 
brought nearer to the bottom. Such a provision for more ease of 
slipping when near the bottom of the groove is of couEiderable im- 
portance in the working of a rope-drive, especially of the maltipte 
extern. 

In order to bIiow the action of a nmltiple-rope drive, let it be 
asenniei] that one has been in use until some of the ropes have 
become so worn that they mnst be replaced by new ones, and that 
the pulleys are of greatly different diameters, as is frequently the 
case when a line-sbaft or some high-speed mai;hine is driven directly 
from a pulley on the main shaft of an engine. The old ropes, 
being smaller than the new ones of the same nominal diameter, oa 




ncconnt of wear and stretching, will lie nearer the bottoms nf the 
grooves than the new ones, and their effective radii will accord- 
ingly be less on each pulley, the whole system appearing as in 
Fig. 80. For convenience it may be assnmed that the grooves are 
of the same form on both pulleys, this being very freqneotly the 
condition in practice. The reduction of the ellective diameter vrill 
therefore be the same on both pulleys as the rope wears. By 
putting 

D = effective diameter of the large pulley with new rope, 

a = reduction of effective diameter of each pnlley, 

rl = effective diameter of the small pulley with new rope, 

the conditions of working can readily be expressed mathematioalty; 
it will be uanmed that D = 3d. 
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If there were no dipping of the new ropes in the grooves, the 
small pulley woald make three reyolntions for one revolotion of 
the engine; and if there were no slipping of the old ropes, the por- 
tion of length of one of them which wonld pass over the large 
puUej daring one of its revolntions is n{D — a). This length of 
rope, by passing oyer the small pnlley at an effective diameter of 
d - a, wonld torn it throngh 

— 7-i r = — Vj x = 3 + J revolutions. 

n{d — a) n{d — a) a — a 

This shows clearly that there is a tendency for the smaller, or old, 
ropes to drive the small pnlley faster than the new ones. As a 
lesolt, the entire load will be carried by the old ropes unless they 
slip in their grooves. A form of groove which will let a rope slip 
mors eanly as it becomes smaller with wear is better than one 
vUeh does not allow snch slippage. 

H^ iwgfa<*H of a large pnlley driving a small one, the small one 

the large, there will be a tendency for the load to be thrown 

tbe laiger or new ropes. The increased tendency to draw 

ropes down into the grooves acts as a corrective, however, and 

piVTents the excessive loading of the larger ropes. 

In order to show the action of the ropes in a drive having curved 
grooves similar to that of Fig. 79, let it be assumed that an engine 
is driving a line-shaft through a rope-drive, the pulley on the engine 
being larger in diameter than the one on the line-shaft. It may be 
farther assnmed that the drive has been in service for some time, and 
that half the ropes have become so worn that they mast be replaced 
by new ones. The old ropes left in place will, on account of wear 
and stretch, be smaller than the new ones of nominally the same 
diameter, and will therefore lie nearer the bottom of the groove. 
The effective diameter at which the new ropes work on each pulley 
will therefore be greater than that of the old ones. The difference 
of the effective pnlley diameters, for the new and old ropes, is less 
than for straight-side grooves, provided tbe groove angle where the 
new rope comes in contact with the groove is the same as used for 
straight sides; at the bottom the angle is larger. The grip on tbe 
rope is therefore not as great when it approaches the bottom of the 
groove as it wonld be if the sides of the latter were straight. The 
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curved sides of the grooTes thus afford a means of preTenting the 
excessive tension which would be thrown on the rope if it were mn- 
ning in V grooves. The life of the ropes is therefore lengthened. 

A groove whose angle grows more flat at the bottom strains 
the rope less when an excessive load is thrown on the system than 
does one with straight sides making an angle which is the mean oi 
that of a curved-side groove. 

Another method of preventing unequal loading of the ropes in 
a. multiple drive, when pulleys of different diameters are used, is to 
make the groove of the larger one with a smaller angle than those 
of the smaller. The decrease of the effective diameter of the largei 
pulley is thus made more rapid than for the smaller, as the rope 
becomes smaller. A case is cited where the engine driving pulley 
was about three times the diameter of the driven pulley. By 
making the angle of the groove 30° on the larger pulley, and 45® 
on the smaller, unequal pulling was obviated.* 

There seems to be a difference of opinion among engineers as to 
what form of groove should be used for idler- or guide-pulleys. 
On the one hand it is maintained that a groove of circular section 
at the bottom, and large enough to let the rope run in it without 
wedging against the sides, is the best on account of causing no 
frictional loss as the rope enters and leaves the groove; the contrary 
argument is that the rope slips in the round-bottom groove, and 
thus causes as much loss as the V groove, together with more rapid 
wear of the rope. It would seem that the round-bottom groove 
would be at its best when the rope is in contact with a considerable 
portion of the circumference of the pulley, and the V groove when 
the arc of contact is small, the round-bottom groove being the more 
apt to permit slipping with a small arc of contact; but whether the 
round bottom is better, even for large arcs of contact, does not seem 
to be positively settled. 

Cast iron and hard wood, such as maple, are materials which are 
almost universally used for the rope to run on ; the grooves are 
generally turned in the rim of the pulley, no lining being used. 
Cast-iron and wooden grooves therefore correspond to pulley- rims 
of these materials. 



♦ Kent's "Mechanical Engineers* Pccket-book," 1896, p. 927. 
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The sides of the groove should be perfectly smooth in order to 
prereDt rapid external wear of the rope. 

58. Coefficient of friction of non-metallic ropes. — There seem 
to be no experiments showing the coefficient of friction of ropes 
running in grooved palleys. The experiments made on ropes 
running over flat pulleys are scarcely applicable to modern practice 
in rope-driving, for there is little probability that the ropes used in 
the two cases were in even approximately the same condition with 
regard to lubrication. The coefficients given below are not experi- 
mentally determined, but based upon modern practice. It is 
believed, however, that they are sufficiently correct for all practical 
Applications. 

The value of /i for well-lubricated manila ropes running in 
polished grooves generally lies between 0.1 and 0.3; 0.12 to 0.15 
^ire safe values to use in designing. These latter two values give 
for 45** groove angles the corresponding values of the coefficient of 
groove friction 

45° 45° 

= 0.12 esc -^ = 0.32; and = 0.15 esc -— = 0.40, 

«id for 30° grooves, 

= 0.12 CSC -— = 0.46; and = 0.15 esc -— = 0.58. 

When the rope is dry, or lubricated with a somewhat sticky sub- 
stance, the coefficient of friction is higher. 

Other qualities of hemp rope have practically the same coefficient 
of friction as manila, when lubricated in the same manner. 

Cotton rope has a higher coefficient of friction than hemp. 
This may be due to the fact that it does not require so much lubri- 
cation, on account of its containing a natural lubricant, as well as 
its softer texture. It is doubtless safe to take // as high as 0.2 in 
designing; this gives for 45° grooves = 0.52, and for 30° angles 
= 0.77. 

Rawhide rope does not seem to have been used extensively 
enough to give a very definite knowledge of its frictional qualities. 
It is doubtless safe to take fJi as high as for cotton ropes when the 
rawhide is kept in good condition and not allowed to get moist; if 
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there is any liability to moisture, /i may be taken the same aa for 
well-lubricated hemp ropes. 

59. Working strength of non-metallic ropes. — When manila 
ropes are used for power transmission they have been found to be 
durable when working under a stress of 200^' pounds on the taut 
side, where d = diameter of rope in inches. Cotton ropes have 
given good service under the same tension. Rawhide ropes can be 
successfully operated at a tension at least one quarter higher than 
that of hemp and cotton, i.e., 250d* pounds or more. 

The above values are for economical working and reasonable 
durability. As with flat belts, ropes can be operated at much 
higher stresses, for a short time, than those just given; double the 
above values, or even more, may be used for a short time. 

60. The velocity of ropes for power transmission is limited by 
the action of centrifugal force in the same manner as for flat belts. 
Non-metallic ropes run much more steadily at high speeds, how- 
ever, the flapping and chasing common to flat belts being practically 
absent. On account of this latter advantageous quality they are 
commonly run at higher speeds than are found satisfactory for belts; 
a speed of 5000 feet per minate, or more, is frequently used. The 
tension due to centrifugal force in a rope weighing 0.32 of a pound per 
foot, and running at 8493 feet per minute, is equal to 200 pounds; 
this is practically the weight and working strength of a 1-inch 
manila rope. Roughly speaking, therefore, no power can be trans- 
mitted by a well-lubricated hemp rope working at 200rf* pounds 
tension when the velocity reaches 8500 feet per minute. The 
speed at which maximum power can be transmitted with such a 
rope, working under 200c/ ^ pounds tension, is about 5500 feet per 
minute for an arc of contact 6/ = 1G0° to 180°. Cotton rope, 
being somewhat lighter, has its speeds of maximum power trans- 
mission and of theoretically no power transmission both somewhat 
higher. 

The most economical speed for manila rope does not vary much 
from 4500 feet per minute, although there is no great change in 
economy for variations of 1000 feet per minute on either side of 
this value. The speed that is most economical, for the rope alone, 
is that which gives the minimum cost of rope per horse-power 
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transmitted, which cost includes first cost and maintenance of the 
rope only. 

61. Wear and lubrication of non-metallic ropes. — The wear of 
T^etable-fibre rope belts is of two kinds, external and internal. 
External wear is caused by the slipping of the rope in the groove, 
and the rubbing against the side of the groove as it winds on and 
is unwound from the pulley. The outer strands are gradually worn 
away by external wear, and the rope weakened accordingly. In 
order to prevent any considerable weakening of the rope by external 
wear, a covering, of some material weaker and cheaper than that of 
the body of the rope, is sometimes placed over it, thus forming a 
rope which maintains a nearly uniform strength until the covering 
is worn through, provided the rope is well lubricated internally. 

Internal wear requires serious consideration, for, unless some 
suitable lubricant is used to reduce the friction between the 
strands and fibres, the life of the rope is apt to be short. When 
an unlubricated or improperly lubricated rope has been in service 
for some time, a fine dust is formed in it by the particles worn off 
by internal friction. This dust can be easily seen by opening the 
strands. A reverse bend in a rope is a cause of greatly increased 
internal wear. For this reason all sheaves and pulleys should be 
placed, as far as practicable, so that the belt will bend in the same 
direction in passing over them. 

A large number of the lubricants used for rope are made of 
graphite mixed with some substance such as molasses, beeswax, or 
tallow. The best way of applying a lubricant is to saturate the 
strands as they are being laid up to form the rope. Hemp rope for 
power transmission is generally so treated during its manufacture. 
A lubricant that is applied externally must be of such a nature that 
it will penetrate the rope and act upon all the strands to reduce 
their frictional resistance to rubbing against each other. 

Cotton fibres are covered with an oleaginous wax in their natural 
condition; this coating serves as a lubricant for the rope, and 
eliminates the necessity of artificial lubrication. 

When a vegetable-fibre rope is exposed to the weather while in 
service, a dressing which forms a water-proof coating should be 
applied to it, care being taken first to have the interior lubricated. 
A mixture of beeswax and graphite is frequently used for water- 
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proofing. Sabatancea of an adhesive natnre, snoh aa tar, while 
aoswering excellently as a preservative for a rope that does not rnn 
over pulleys or sheaves, is not suitable for those nscd for power 
transmission. Such a snbstance cements the fibres of the rope 
together so that they cannot slip over each other freely when the 
rope is bent aronad the pnlley, thus cftnaing them to tear or break 
each other. It may also cause tlie rope to adhere to the pulleys ao 
that the fibres will be picked off by the pulley, which, of course, 
causes rapid deterioration. 

Roughness of the grooves is certain to cause rapid wear, and, as 
has already been stated in § 57, care should be taken to have them 
perfectly smooth and without flaws. 

The diameter of the pulieya over which a rope runs has mnch 
to do with the wea,r upon It; the smaller the pulley, the more rapid 
the wear on account of the sharper bend. A diameter of the pulley 
equal to about 40 times the diiimeter of the roi)e represents a fair 
average of the size foand in practice. A somewhat sm&ller size 
than is represented by this may be used for the smaller diameters 
of rope lip to 3 inch; but for ropes as large as 2 inches diameter 
the pulley may be a few inches larger than this indicates. At high 
velocities it is believed to be advantageous to use somewhat larger 
ptilloya than are suitable for low speeds. 

62. Weight of hemp and cotton ropei. — The weight of new 
Firmns manila rope is about O.'iS'-id' pounds per foot.* In service 
the rope generally becomes heavier i>er foot, notwithstanding it 
stretches some. The increase of weight is doubtless due to the 
accumulation of the Inhricaot, and probably some Just, opon it. 
The maximam weight of an old manila rope of modern manufac- 
ture for power transmission seems to be about O.Oai/' pounds per 
foot; a table given in Kent's "ilechanicat Engineers' Pocket-book," 
ISiiiJ. shows weights considerably heavier for the smaller sizes. 

The avenige weight of cotton transmission rope that has been in 
service for some time is about 0.2IUI' pounds per foot. 

63. The diameter of ropes nsed for power transmission depends 
very largely upon the size of the sheave that can he conveniently 
used. A rope 'i inches in diameter is the largest that is found 
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in practice to auy conside ruble esteiit. From IJ to 2 iiiclies in 
diiuneter are tbe liniite of the sizes generally used where there is a 
large amount of power to be transmitted, and tlie pulleys can be 
made large witliont inconvenience, ae in rope-drives coniiecting the 
main pulley of a large engine with a line-ttliaft, electric generator, 
or cable-drums of a cable railway. Smaller eizea are used for 
general traDBmission in buildings using power for mannfacturing 
parposes. 

64. The effect of the relative position of pulleys upon ropes 
used for power transmission is of tbe sumo nutiire ua for thit belt^. 
In practice, however, it ia denionstrated that hemp and cotUm ropes 
work more aatiafactorily than Hat leather belte when one pulley is 
at a considerable distance above the other. Thia is doubtless largely 
dne to the fact that a teneJon-carriage is used to take up tbe slack 
in the rope, while the belt, ordinarily operated without any device 
to make adjastment for stretch, soon becomes loose on the lower 
pulley. The weight of a leather belt for such a drive is generally 
greater than that of a hemp or cotton rope, which is dtEadvan- 
liigeous for tlie belt. 

Hemp and cotton ropes are often used successfully, in factories, 
for directly connecting sheHvea or pulleys three or four stories apart,, 
one beirig nearly or quite vertically above the other. 

66. Tbe efficiency of rope belting seems to be about the same 
as that of Hat belts when the distance of trauamission ia short, so 
that only a single stretch is noceasary between the driving and 
the driven pulleys. For long distaucea of transmission the roj>e ia 
more eHicient than flat leather beltitigi this is partly owing to 
fact that much longer stretches of rope can be used than of 
heltiug. 



■IHK KOl'ES. 



66. Wire ropes made of iron or steel, and generally with 
hemp core, have been eiteuaively need for transmitting power 
through long distances. They are being replaced by electrical trans- 
mission machinery for the greater distances, however, and by nou- 
metallic ropes for the leaser. The large diameter of the sheaves, 
generally from iOU to 1411 times that of the rope, is an objection- 
able feature on acconnt of the space required for them, their 
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thft^^H 

h s^^l 



146 FORM, STRENGTH, AND PROPORTIONS OF PARTS. 

great weight and comparatively high cost. The rope itself is mnch 
more expensive than non-metallic ones for transmitting the same 
amount of power. 

The sheaves for wire ropes are generally made of cast iron. 
The grooves are made much wider than the diameter of the rope, 
which rans against the bottom only; the flanges act only as gnides 
to prevent it from leaving the sheave in case of excessive swaying. 
The bottom of the groove is lined with wood, leather, gutta percha, 
or some similar material, soft as compared with the iron. 

Wire rope sometimes has a strong tendency to sway when 
running. One of the chief canses of this is lack of roundness in the 
sheave. After the lining is placed in the groove, it should be 
accurately turned to run true; a small depression, sufficient to fit 
possibly one quarter of the circumference of the rope, will hold it 
in the centre of a sheave rotating on a horizontal axis, when the 
rope is running without swaying. 

The Richmond Manufacturing Company of Lockport, New 
York, have doubtless had the most extensive experience with wire- 
rope power transmission of any concern in the United States. As 
a result of an experience of thirty years, they have arrived at the 
following conclusions; 

** First. The best motion for the pulleys is not less than 100 or 
more than 140 revolutions per minute. The power will often do 
well at a less or greater motion, but generally the result is not so 
satisfactory. 

" Second. If a cable is run over level ground for a long distance 
a support will be needed every 400 or 500 feet, but where both ends 
of the cable are high enough so as to allow plenty of room for the 
sag in the middle, a support is not required for less distance than 
1000 feet. Where supports are required, a stout post set firmly in 
the ground and extending about 20 feet above it, with two small 
pulleys upon the top, answers the purpose. 

" Third. Where the cable is short, some method of tightening 
it should be provided, either by arranging the driving pulleys so 
that they can be pushed farther apart, or by using an extra pulley 
as an idler; where the cable is long, this is not required, as the 
weight of the cable itself will then prevent any slipping on the 
pulleys. 
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^^ Foarth. Large cables mast never be used upon small pnlleys, 
the continual bending of coarse wires aronnd too small pnlleys 
wonld soon break them." 

Table XII has been adopted by this company for its own prac- , 
^ice, and is recommended for general work. 

Table XII. 

SHOWING THB NUMBER OF HORSE- POWER EACH SIZE OF CABLE WILL 
SAFELY TRANSMIT ; THE DIAMETER OF DRIVING AND DRIVEN 
LEATHER-PACKED GROOVED PULLEYS NECESSARY TO BE USED 
WITH EACH SIZE ; THE NUMBER OF REVOLUTIONS THEY 
SHOULD MAKE, ETC. 



I>iaaieter of Cable. 
Inches. 


Diameter of Pulley. 
Feet. 


Revolutions per 
Minute. 


Horee-power 
Transmitted. 


t ':::::;:: 
a!:::::::: 
1 {:;:■:::; 


3 
8 
4 
4 
6 
5 
6 
6 
7 
7 
8 
8 


100 
140 
100 
140 
100 
140 
100 
140 
100 
140 
100 
140 


2 

8 

4 

6 

9 

18 

14 

20 

28 

82 

88 

42 



Their experience has also shown that 100 feet is the shortest 
distance between the driving and driven pnlleys that will give satis- 
factorj operation. They find that a cable working according to 
the conditions given above will last from five to six years when 
working ten hours a day.* 

In the use of wire rope on cable railways, and where power is 
transmitted over a long distance by a single endless rope, it is 
desirable to have the tension on the tight side of the rope several 
uraes that on the slack. This is accomplished by asing a pair of 
winding drums at the power plant of a railway, and at both ends of 
the line when power is transmitted between two points. The two 
drama of a pair are placed near together, with their axes parallel; 



Data and information kindly farnisbed by tbe Hon. William Uicbmond, 
of the Richmond Manufactaring Co. 
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the tight side of the rope winds in the groove at one end of one 
dram, passing half-way around it, and then goes to the correspond* 
ing groove on the other, then back to the second groove of the first 
drum, and so on, winding consecutively in all the grooves of both, 
drums. This device is most effective when the drums are geared 
together so that both act as drivers, or, if they are at the driven 
end of the line, power can be taken from both. 

The wear on such a pair of winding drums, used as drivers, is 
most rapid in the groove where the rope first winds on, and 
gradually decreases in each successive groove. When the first 
groove has become worn to a smaller effective diameter than the last, 
there is a tendency toward unequal winding, and, as a consequence, 
heavy strains are produced in the rope on and between the two 
drums, which can only be relieved, in a measure, by the rope's 
slipping in the groove. 

In order to prevent the rapid destruction of the rope and drums 
by this action, Mr. John Walker * has designed a differential pulley. 
A section of the rim of this pulley is shown in Fig. 81. Each 





Fig. 81. 



groove is cut in a ring, separate from the rest of the pulley, and a 
number of the rings are placed side by side on what corresponds to 
a flanged pulley. The rings have a free-running fit on the cylin- 
drical part of this pulley, but their resistance to turning is regulated 
by one of the flanges, which is separate from the pulley and held in 



♦ Formerly of the Walker Co. of neveland, Ohio; now Consaltlng Engi- 
neer located in Chicago. 
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place by bolts that can be adjusted to give the desired pressure 

agsanst the sides of the rings. A cushion of some elastic material 

is placed between the loose flange and the main part of the pulley. 

The loose flange should be adjusted so that the rings will turn on 

the pulley a little more easily than the rope will slip in the grooves. 

The differential pulley can be equally well applied to any system 

of rope-driving, using any kind of rope, where there are two or 

more grooves in a pulley.* 

* A large amoant of data on power transmission by wire ropes is given in 
Kent's "Mechanical Engineers' Pocket-book." 



CHAPTER IV. 

SCREWS FOR POWER TRANSMISSION. 

67. In some classes of machines, screws are used for applying a 
great force acting throngh a small distance. Examples of sach 
application may be seen in testing-machines for determining the 
strength of materials, and in presses for copying, baling cotton, etc. 
Again, in such machines as those for planing the edges of boiler- 
plates, a proportionately smaller force, exerted by the screw against 
the tool-carriage, acts through a greater distance. 

The thread ased on such screws is generally square, and in all 
cases, unless some special requirements make it necessary to have 
some other form, the surface of the driving side of the thread should 
bo such as is generated by a line always remaining perpendicular to 
the axis of the thread. In other words, the working side should be 
the same as that of a square thread. 

The following notation for screws will be used: 

A = sectional area of screw at bottom of thread, square inches; 
D = mean diameter of collar- or step-bearing, inches; 
E = efficiency of screw and collar for forward motion ; 
E^ = efficiency of screw and collar for backward motion or over- 
hauling; 
F = turning force applied to the screw for raising the load, 

pounds ; 
F' = turning force applied to the screw for lowering the load, 

pounds ; 
/^" = turning force exerted by screw when overhauling, pounds; 
Jp = polar moment of inertia of the section of the screw, biquad- 
ratic inches; 
T= tension or compression in screw, pounds; 
d = mean diameter of thread, inches; 

150 
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= efficiency of screw-thread alone for forward motion; 
e^ = efficiency of screw-thread alone for backward motion or 

overhauling; 
/ = length of levet-arm of the taming force, inches; 
/? = pitch of thread, inches; 
r, = radins of screw at bottom of thread, inches; 
s = shearing stress per unit area caused by the screw-thread 

resistance, pounds per square inch ; 
t = tensile or compressive stress per unit area caused by the axial 

force, pounds per square inch; 
/5 = angle between surface of thread and a normal to the axis of 

the screw ; 
= angular pitch of thread, which is the angle between the 

mean helix and a plane perpendicular to axis of screw, 

degrees; 
/i = tan = coefficient of friction between threads; 
M' = tan 0' = coefficient of friction between collar and supporting 

surface ; 
= angle of friction between threads, degrees ; 
0' — angle of friction between collar and supporting surface, 

degrees. 

The pitch p is the distance, parallel to the screw axis, between 
similar points of adjacent turns of the thread on a single- thread 
screw; in a screw having more than one thread j9 is the axial dis- 
tance between similar points on successive turns of the same thread. 
The mean thread-diameter d is taken as that of a helix lying 
midway between the top and bottom of the thread, and, for 
convenience, all the pressure of the nut against the thread is con- 
sidered as acting along this mean helix. Theoretically the diameter 
of this helix is slightly greater than this mean value, but the differ- 
ence is so small as to be far within the necessary limits of accuracy 
for any practical requirements. The same is true of D. The mean 
angular pitch is found by laying out a riglit triangle, making one 
side equal /?, and the other equal Ttd, 6 being the angle between the 
latter and the hypothenuse. This gives 
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Square-thread Screws. 

68. Belation between the turning moment and axial force in a 
square-thread screw. — When a screw is used for power transmission, 
^8 described above, it is often desirable to know the turning moment 
which must be applied to produce a given axial force, or vice versa; 
tiie axial force may be either tension or compression. 

Fig. 82 may be taken to represent a portion of such a screw. 
As a convenient method of dealing with the problem, it may be 
assumed that a load is suspended from it by means of a nut (not 
shown) which fits on the thread; also, that the screw is supported 
by a bearing on which the collar near the top rests. 

It is evident that friction must be considered. Since the nut 
:and supporting surface under the collar may be of different 
materials, or differently lubricated, the coefficient of friction 
between the screw and nut, and that between the collar and the 
material against which it boars, may have different values; to make 
the ciise general, they will be considered as different. 

If there were no friction between the threads of the nut and 
acrew, the pressure between them would be normal to their working 
surfaces and make an angle 6 with the axis of the screw. On 
account of friction, however, the direction of the force acting 
betweeti them at any point makes the angle of friction with a 
normal to the thread at tliat point. When the screw is turning to 
raise the loud, tlie direction of pressure between the threads is at an 
angle (^ + 0) with the axis of the screw. 

An elementary portion ab (see figure), of the tension T^ is 
therefore held in equilibrium by the forces ac and cb\ cb = 
ab tan (^ + 0). The latter is the external force, normal to the 
axis of the 8orow, which niust be applied to turn the screw against 
the resistance duo to the elementary axial force ab. The nut re- 
sisUinco to tlie turning of the screw, acting as it does at a distance 

1 ft eJ 

^ from the screw's axis, is of a value {cb)x^ = ab tan (^+0) X -. 

The tot^l nut resistance, for the total load jT, is the sum of the 
resistances for all the elementary forces, each equal to ab^ and is 
eipressiHl by the equation 

Nut ivsistancc= 7* tan (^ -f 0) X ^. 
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This represents the valne of the taming moment which must be 
applied to overcome the resistance in the nat. 

By the same method, the turning moment necessary to overcome 
the friction of the pressure 7 against the collar, is shown by the 
equation 

Collar friction = T' tan 0' | = Tpi'^. 

In order to prevent side pressure of the body of the screw 
against the supporting frame, the torsional moment acting to turn 
the screw may be applied as a couple, each force having a lever-arm 

equal to — about the axis of the screw, thus making the arm of the 

couple equal to l. Galling each of the external turning forces F, 
the driving torsional moment becomes Fl. 

The following equation of turning and resisting moments can 
now be written for a square-thread screw with thrust collar when 
lifting a load: 

Screw Resistance. Collar Friction. 

Fl = T tan {&+</>) ^ + Tm'^ - • • (50) 

_ tan 6* + tan d D 

~l-tan6'tan02"*'^ 2 

In equations (50) and (51), as well as those between them, the 
screw resistance is expressed by the first part of the right-hand 
members, and the collar friction by the last part of the right-hand 
members. 

For lowering the load by turning the screw backward, the angle 
of friction must be taken on the opposite side of the normal ad 
to the thread from that shown in the figure, because the frictional 
resistance acts in a direction opposite that when the load is lifted. 



F 
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The equation of taming moment and tension then becomes, for 
lowering the load, when is greater than 0, 

Thread Resistance. Collar Friction. 

F'l=Tt&n{<f>-e)~ + Tfi'~. .... (62) 



or 



■jP^l^T^^^^xi + Tm'^. . . . . (53) 
na + pip 2 2 ^ ^ 



And when is greater than 0, 



rt^n.- t? : *• Driving Moment of 
Collar Friction. gcr^w-thread. 

J'7=r/4'-5-^tan(^- 0)f, . . . . (54) 



or 






(65) 



The yalae of ff that will jast hold the load at rest, or allow it to 
descend uniformly, when no external turning force is applied, ia 
given by the equation 

tan ((9 - 0) = m'-T' ..... (56) 

Any larger value of than obtained by this equation will require 
& resisting moment applied to the screw to hold the load. 

A screw that will allow a load to descend by its own weight is 
8aid to overhaul. 

The turning moment F'^l that a screw will exert when over* 
luioling is 

'^'S^'w'lhrd!'" collar Friction. 
I"l =Tt&n{e-<p)^- Tm'^, .... (57) 



or 



7td + ^p 2 2 ^ ^ 
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If there were no collar friction, overbanling would occnr for anj 
valae of 6 greater than 0. 

The principle of overhanling is applied to advantage in some 
mechanisms. Probably the most familiar example is the screw- 
driver having a handle which contains a nut that engages with a 
screw-thread of rapid pitch on the stock for holding the bit or 
blade: by forcing the handle down over the screw, the blade is 
rotated. 

69. Efficiency of a square-thread screw and collar. — For for- 
ward motion, when the end thrust of the screw is resisted by a 
collar, the efficiency may be found by dividing the nsefnl work 
accomplished during one revolution of the screw, = Tp^ by the 
work, F{%nT)^ applied to turn the screw through one revolution; 
the efficiency for forward motion is therefore expressed by the 
equation 

^=W^) (^^) 

Bj sabstitating in this equation the valne of p, as expressed in 
«qnation (49), and that of Fl as given in eqaation (50), it becomes 

Trrdt&ue tang 

- T.d tan (6+^) + TnD^' " tan (« + 0) + V 

If the coefficients of collar friction and thread friction are equal, 
which corresponds to /i' = /i = tan 0, the maximum value of E is 
obtained when 



/: 



tan ^ = , (61) 

/ D 

sec + tan 0y 1 + -7 

a 



The efficiency e of the screw-thread alone is obtained by dropping 
from the denominator of equation (60) the expression TnDfx' for 
the work done in overcoming collar friction, which gives 

*"tan(^ + 0) ^^^' 
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The maximam valae of e is obtained when 

tan6^ = 8ec0 — tan0= Vl + M^ — M- . . (63) 

The Talae of the thread angle d is less for maximam efficiency 
when there is no collar friction than when there is. 

When a screw is overhauling, the points of application of the 
driving force and resistance are exchanged; the axial force or load 
becomes the driving force, and the external resistance is applied at 
the same point as the driving force when lifting the load. 

The efficiency E' for overhanliug is therefore expressed by the 
e^ioatioQ 

■^'=^^ (64) 

The valae of F'lj in this expression, is given in equations (57) 
and (58); that in (57) will be substituted. Therefore, 

r, _ Tnd tan(g - 0) - TnPfJi ' _ d tan(^ - 0) - D^' 

TTTd t^nO ~ dt&ne ' ^ ^ 

Dropping the collar friction TnDfA' from this equation gives 
for the efficiency e' of the screw-thread alone, when overhauling, 

^^tanj^) 

tau u ^ ^ 

When a driving force F' must be applied to a screw when 
lowerJQg its load, there is no efficiency. The efficiency is Jtero when 
the load runs down uniformlv of its own accord. 

70. Coeffieient of friction >i for square-thread screws. — This 
quantity has been very carefully determined by Prof. Albert Kiugs- 
horv for different materials and lubricants.* The dimensions of 
all the bolts and nuts tested were as follows: 

Outside diameter of screw 1.426 inches 

Inside diameter of nut 1.2TS 

Mean diameter of thread 1.352 

Pitch of thread i 

Depth or height of nut (effective) 1^ '• 

Area of rubbing surface of thread 1 sq. in. (about) 

* Trans. Amer. Soc. Mech. En^re.. voL xvii., 1S96. p. 96. 
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The nnts fit the screws loosely in order that there might be no 
friction other than that between the working sarfaces. ^^ The 
threads were cat carefully in the lathe and had been worn to good 
condition by trials previous to those here recorded. Screw No. 5 
was not quite so smooth as the others." The lubricant was applied 
when the nut and screw were put together, and no more was added 
during the taking of the series of cards for them. The speed was 
slow; about one revolution in two minutes. 

The results of the tests are given in Table XIII. 



Table XIII. 

COEFFICIENTS OF FRICTION FOR SQUARE-THREAD SCREWS. 

Working surface of tbreiid approximately 1 square iuch in area ; pressure 
per square inch of thread approximately the same as the total tension in screw- 
bolts. 



Screws. 



1. Mild steel . . . . 

2. Wrought iron. 

3. Cast irou 

4. Cast bronze. . . 
6. Mild steel, 

case-hardened . 



1. 
2 
8, 

4. 
5. 



1, 
2, 
3. 
4. 
5. 



1. 

2. 

3 

4, 

5. 



CoeffleientR of Friction ti. 

Averaf?e Values of Four 

Readings. 



.CO 

5r H 



.141 
.139 
.125 
.124 

.133 



12 

1125 

10 

1150 

1175 



.£3 


• 

c 
o 


be 


t, 


3 . 


HH 




30 


i5 


.136 


.10 


.14 


.138 


.139 


.119 


.135 


.172 


.143 


.13 



111 

089 
1075 
071 
1275 



.147 

.15 

.15 

.127 

.155 



.105 .10 
.1075.10 
.10 .095 
.10 '.11 
.0975 .105 



.0675 .065 



.07 
.071 
.045 
.055 



.075 
.105 
.044 
.07 



156 1.132 
16 .15 

157 .14 
13 1.13 



S50 



136 
147 
171 
132 

193 



.11 

.12 

.11 

.1325 

.1375 



Value of 11 for a 
Single Card. 



Highest. 



Screw 5 
Nut 9 
/i = .20 



Lowest. 



Screw 8 
Nuts 
M = .11 



Pressure 

and 
Lubricant. 



Pressure 10000 

lbs. per sq. iDcb. 

Machinery-oil. 



Screw 4 
Nut 9 
M = .25 



.04 

.055 

.059 

.036 

.035 



.127 

.117 

.12 

.14 



1775 .1675.1825 



Screw 5 
Nut 6 
M = .15 



Screw 5 
Nut 7 
M = .19 



Screw S 
Nuts 
/i = .09 



Screw 5 
Nut 9 
M = .03 



Screw 2 
Nut 9 
M = .11 



Pressure 10000 

lbs. per sq. inch. 

Lard- oil. 



Pressure 10000 

lbs. per sq. inch, 

Machinery-oil 

and graphite. 



Pressure 3000 
lbs. per sq. inch. 
Machineiy-oil. 
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The coefficient of friction was low enough, in some cases, to 
«Uow the screw to ^^ overhaul "; i.e., a pressure against the screw, 
parallel to its axis, caused it to rotate and pass through the nut. 

Following out the fairly well established fact that, in oil-lubri- 
Cited journals, the coefficient of friction decreases rapidly as the 
Telocity of rubbing increases from slightly aboTe zero to 10 or 100 
feet per minute, according to whether the pressure is high or low, 
it would seem that lower values of the coefficients than given in the 
table might be found in screws running at the higher speeds that 
are frequently used for power transmission. 

71. Problem. — Design a screw to lift 7 tons = 14000 pounds; 
end thrust of screw to be taken by collar-bearing ; screw must not 
oTerhaol; driving gear attached to screw to be 18 inches in 
diameter. 

For finding the thread angle to prevent overhauling, the lowest 
values of the screw and collar friction that may occur with the 
inaterials used should be adopted. It will be assumed that the 
^revis to be of mild steel; the nut and collar-bearing may be of 
<^t brass. The lowest values of the coefficients of friction may be 
taken as 

/!= .03 = tan 0, whence = 1° 43'; and >i' = .025. 

The ratio of the mean diameter of the collar to that of the 
thread will be taken as 1.6 = Z> — c?. 

The value of the thread angle is found by equation (56), by 
which 

tan (^ - 0) = pi'^ = .025 X 1.6 = .04, 

whence 

^-0 = 2° 18'; 

«- 1° 43' = 2° 18'; 

(9 = 4° 1'. 

Since the pitch must generally be such that the screw can be 
cut in an ordinary lathe, it will be assumed that jo = .6 inch, and 
the mean diameter d of the screw, to give the required angle 6^ 
calculated. 
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By equation (49), 



whence 



nd 



d = ^ = -^ = '^ = 2 27 

niAud n tan 4° .06993;r 



Taking the outside diameter of the screw as 0.45/? greater than 
the mean diameter d gives 



// 



Outside diameter of screw = 2.27 + •'^5 X .5 = 2.5 
The mean diameter of the collar is 

D = \,U = 1.6 X 2.27 = 3.63 inches. 

The turning moment Fl which is necessary to raise the load is 
found by equation (51). The greatest values of the coeflficients of 
friction, /i and /i', that are probable to occur at any time when the 
labrication is poor, should be used in this eqaation in order that 
the maximum value of the turning moment may be found. 

The values ja = ,16 and /i' = 0.1 are probably the highest 
that occur in well-made machines operated with reasonable care 
and cleanliness. 

Applying equation (51), 

Screw Resistauce. CoUar Friction. 

= 3532 + 2541 = 6073 pounds. 

And the force F acting tangent to the pitch circle of a gear 
whose pitch radias is 9 inches is 

F = 6073 -f- 9 = 675 pounds. 
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No allowmnoe has been made for joarnal friction in the above 
f^alcolations. This makea the valne of F greater than 675 pounds. 
The preflBoie between the teeth of the driving gears is greater than 
F on aocoant of their obliquity of action. Assuming that the actual 
pressure between the teeth, taking into account both journal f ric* 
tion and obliquity of action, is 800 pounds, and that the coefficient 
of joomal friction is .06, then the corresponding value of the tan- 
gential force is 

F = 675 + (.06 X 800) = 723 pounds. 

Tbe efficiency of the screw when working with the highest 
ttsnined ooefficientB of friction, and including journal friction, is> 
by equation (59), 

Tp _ 14000X0.5 _ 17^ _i.^^ 
F\%nl) - 723 X 2;r X 9 ~ ''^^ "" ''"^^' 



72. KaziMUR stress in a screw. — A screw that is turning and 
lifting a load is subjected to an axial tensile stress equal to the 
weight of the load, together with a torsional moment equal to the 
taming m<Mnent that must be applied to overcome the resistance of 
the screw-thread. The combination of these two stresses produces 
what maj be called a maximum tensile stress and a maTimnm shear- 
hig stresB. The values of these maximum stresses should not ex- 
ceed the woridng strengths, tensile and shearing, of the material. 

If the axial force acting on the screw is compression instead of 
tension, and tbe distance between the nut and collar is small 
enoa^ to allow the part in compression to be considered as a short 
Golanm, not liable to bend or buckle, the maximum compressive 
stresB will be equal to the maximum tensile stress for the same load^ 
and tbe mmT^mnfn shear will be the same in both cases. 

The formolas for maximum stress in a rod of circular section^ 
as given in works on the ^^ mechanics of materials," are: 



Maximnm tension or compression = n'TAf-j—^'^j • (^^) 






Maxnnom shear =\/~r + ''- - - <^^^> 



=\/t+^ • • 
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In dealing with the strength of a screw of ordinary constmction, 
the thread may be neglected, since it adds hut little to the strength. 
The screw may therefore be considered as a cylindrical bar of a 
diameter the same as that of the bottom of the thread. Under 
this assumption the value of ' is 

I = T-^ A= r-r- nr,; 

and that of s, for Bqnare-threod screws, is 



By sahstitnting these values of t and s in equations (07) and 
(68), tho following equations are obtained for square-thread screws: 



. tension or 1 f It 7^ tan' {f + 
>p.-ession P*^' j = 2]i + y 4:41 + ^v^ 



Max. tension or 1 7- / 7" 7^ tan' {f + 0)d"' 

Compi'er'~' 1 — . .j_ . / 1 

sq. in. 

which rednces to 



Mas. tension or 1 
cgmpreseion per | 



Maximum shear / 
per sq. in. t 



= 2" j[l + /l + *•*"' (^ + '/')(^)']- (09) 



4 j/l + ^t^i^* (''+^>(|-)'- ■ 



Example of application of formulas for maximum stress in a 
Borew.— lu the problem solved in § 71 the following data were 
assumed, or else determined for the highest coefiicienta of friction: 
7"= 14000 pounds; tan <A=.15; «» = 8° 31' 10"; fl = 4' 1'; 
^ + = 12° 3i' 10"; and d = 2.27 inches. In addition to these 
data, the radius at the bottom of the thread may be taken as 
r = 1 inch; whence A = 3.1416 square inches. 



J 
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By the snbBtitntion of these quantities in equation (69), 
ICaximuin tension = |- Jfl + 1^1 + 4 tan" (12^ 32' 10")(^)*1 

= 5- T-[l + V'l + 4(0.22236)''(2.27)"] 



2 A 

1 14000 

2 3.1416 



(1 + 1.4211) = 5390 lbs. per sq. in. ; 



and, by equation (70), 



Maximam shear = ^ ^ttttt X 1.4211 = 3180 lbs. per sq. in. 

3 0.1416 



Angular-thread Scretos, 

73. Belation between turning moment and axial force in an 
iB^ar-thread screw. — When the working surface of a screw thread 
Qudces an angle ^ with a normal to the axis of the screw, as in Fig. 
^} the pressure between the threads of the nut and screw is 




Fig. 88. 

^^^eased by the wedge-like action of the thread. 

The following equations apply to an angular-thread screw when 
"f ting a load.* (Notation given in § 67.) 

* The development of the equation for thread resistance is given in § A of 
^ Appendix. 
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Thread Resistance. J^^^^ 

Friction. 

„ _ tan g + tan sec /? d „.D . 

^'-^1- tan g tan cos /3 ^ a + ^'^T ' ' ^^^> 

_ (jp -5- ffd) + /f sec /? d , ,^ 



(jB -i- frd)/x cos /S 

j> + fJTrd sec /? y^ , m„,^. 
ftd-Mpooa/3 -^ 2 "^ ■^'^ 2 ' * 



(72) 



rr _ g?' _ y<?tan 

F{%nl)~ 2FI ' ^^^' 

_ tan 6* (1 — tan 6 tan <f> cos /S) . 

~ tan 6* + tan </>aeG /3 ^'^ 

For the backward motion of an angalar-thread screw when a driT— 
ing force is applied to lower the load : 

Thread Resistance. Collar Friction. 

^'^ = y /TfTf "*""'!, X ^ + 2>'|-. . (75) 

1 + tan 6/ tan cos /? 2 ' '^2 ^ ^ 



If tan is greater than tan sec )5 in equation (75), then th 
thread resistance is negative, and mast be subtracted from tha^ 
collar friction. 

The thread resistance for backward motion becomes zero when 

tan 6 = tan sec /3, 
or 

tan = tan (^ cos /?. 

The last two equations indicate the values of 6 and which 
would just allow the screw to overhaul if there were no collar fric- 
tion. 

When overhauling, the driving moment, exerted by the nut, is 

Driving Moment of Screw-thread. Collar Friction. 

F"l - r tan g - tan sec /? d ,D 

^ '-^l + tani'tan^cos/S ^ 2" ^-^ T* ' ^^^' 
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A seriea of eiperimenta upon a BCrew-boU were made by James 
McBride to determine its efficieDcy.* An ordinary V-thread screw- 
bolt was purcliaaed on the market, and was not specially prepared for 
the experiments; the nut fitted the thread freely, bo that it could 
be run along the thread easily with the hand; the Hat end of the 
nzit rested on a washer which formed the bearing-snrf ace ; both nut 
and waslier were of malleable iron with bearing- surfaces left rough 
or unfaced. Lard-oil was nsed as a lubricant. The bolt was sus- 
pended vertically by the imt, which rested on a support 4 feet (i 
inches high; a load was hnug on the lower end of the holt. The 
torsional moment was applied by different men pnlliug on a hori- 
EODtal, single-ended wrench which spanned the nut. The following 
are the more important data: 

Diameter of bolt — 2 inches; 

Pitch of screw = 0.22 of an inch = 4.5 threads per inch; 

Standard V thread; 

Load suspended = 7500 ponnda. 

The highest efficiency found was Viri'J^, the lowest 9.71^, the 
average being 10.19^. 

At the arerage efficiency of 10A'.>% a torsional moment of 
1 inch-pound, applied to the wrench, would prodnce an aiial stress 
T = (2w T- 0.22)0.1019 = 3.91 pounds in the boU. 

•Trans. Amer. Soc. Mecb. Engra., vgl. xii,, 1801, p. 7B1. 




CHAPTER V. 

SCREW-GEARIXO. 

74. The most common fonn of screw-gearing that is nsed, when 
there is to be any considerable amoant of power transmitted, is the 
worm and worm-wheel; and, of this mechanism, that having the 
axes of the worm and wheel at right angles is most generally 
adopted, donbtless because it is only when the shafts are at a right 
angle that the face of the wheel can be concaved to embrace a por- 
tion of the worm. In the worm and worm-wheel there is generally 
a great difference of angular velocities, the worm making many 
revolations to gire one tarn to the wheel. The diameter of the 
wheel is ordinarily mach greater than that of the worm. 

When the axes are at any other angle than 90°, the face of the 
wheel cannot be concaved, and its teeth, instead of being carved so 
as to secare line contact with the worm, must be portions of a 
many-threaded screw, or else similar to those of a spur-gear, both 
of which give only point contact theoretically. 

When the worm and wheel do not have greatly different angnlar 
velocities, and the teeth on both are short lengths of the threads 
of a many-threaded screw, the name "screw-gears" is commonly 
applied. This term will be used to designate all such mechanisms 
in which the wheel does not have a concave face. The axes may 
be at any angle. 

WORM AND WORM-WHEELS.* 

75. The strength of a worm and worm-wheel seldom needs con« 
sideration, for, under ordinary conditions, the allowable pressure 



♦ The coefficient of friction for worm-gearing is probftblj aboat the same 
as that of screw-gears (Table XXI) or square- tliread screws (Table XIII), ac- 
cording to the velocity of rubbing. 
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between them, that will uot produce abrasion, is much less than 
would be required to break the teeth when made of any of the 
materials common to engineering. 

Since the teeth are cut on a wheel concaved to fit the worm, 
they are much stronger than those of the same proportions that are 
straight. Their strength cannot be satisfactorily calculated, and it 
is scarcely desirable to make such a calculation. 

The strength of the worm-thread cannot be calculated, but when 
of the same material and thickness at the pitch surface as the teeth 
on the wheel, it is the stronger of the two. 

76. Equations for turning force and efficiency of worm and 
worm-wheel. — The equations of the relation between the turning 
moment and pressure against the teeth in a direction parallel to the 
axis of the worm are essentially the same for a worm-wheel as those 
of an angular-thread screw, given in § 73. This assumes that the 
thread is angnlar, not square, for it is not known that a square- 
thread worm is ever used when it must perform a service that 
demands even moderately high speeds and pressures. 

If a worm works in engagement with two wheels that are tangent 
to its pitch surface at diametrically opposite points, and whose axes 
are parallel to each other and a^ right angles to that of the worm, 
the equations for an angular- thread screw apply to it without modi- 
fication. For the more common mechanism, in which the worm 
engages with a single wheel, there is a side pressure on the support- 
ing journal-bearings which may materially increase the turning 
moment required to rotate the worm against a given pressure of the 
wheel against it. This is especially true if the journal is large or 
has a high coefficient of friction. 

The thrust-bearing of a worm can be obviated by using two 
worms, one right-hand and the other left-hand, on the same shaft, 
each engaging with a suitable worm-wheel; the shafts of the worm- 
wheels must be geared together so as to give them both the same 
rate of rotation in opposite directions, provided each worm and 
wheel forms a part of the mechanism differing from the other only 
in the direction of the thread. It can readily be seen that the 
thrust of one worm will be annulled by that of the other, thus 
eliminating the need of a thrust-bearing. 

For convenience of reference the notation used in the equations 
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for worm-gearing will be given in fnll, although most of the 
fiymbols are the same as for screws: 

D' — mean diameter of thrust-bearing, inches; 
D" = mean diameter of journal, inches; 
F = efficiency of mechanism for forward motion; 
U' = efficiency -of mechanism for overhauling; 
F = force acting to rotate the worm, pounds; 
F" = turning force exerted by the worm when overhauling, 
pounds ; 
F = turning force acting on driven wheel, pounds; 
T= thrust of worm or screw-gear parallel to its axis, pounds; 
d = mean diameter of worm-thread, inches; 
e = efficiency of worm-thread alone, journal and thrust-bearing 

friction not included; 
e' = efficiency of worm-thread alone when overhauling; 
I = length of lever-arm of turning force, inches; 
J) = pitch of worm-thread, inches; 
/3 = angle between the surface of the thread and a plane normal 

to the axis of the screw; 
6 = angular pitch of screw-thread ; 

/i = tan = coefficient of friction between worm and wheel; 
/i' = tan 0' = coefficient of thrust-bearing friction ; 
yu" = coefficient of journal-friction; 
= angle of friction between worm and wheel ; 
0' = angle of friction for thrust-bearing. 

In the following discussion it is assumed that the axes of the 
worm and worm-wheel are at right angles. 

The pressure, due to the forces acting between the teeth, against 
the journals supporting a worm tiiat engages with but one worm- 
wheel, assuming that there is a journal at each end of the worm, is 
equal to the resultant of two forces, one approximately equal to the 
force resisting the rotation of the worm when driving the wheel, 
acting parallel to the axis of the wheel, and at a distance d from 
the axis of the worm, and the other equal to the component, normal 
to and intersecting the axis of the worm, of the pressure T tangent 
to the mean diameter of the wheel and parallel to the axis of the 
worm. 
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The first of these forces, acting parallel to the axis of the wheel, 

. . . -, tan 6^ + tan sec >5 

18 approximately T- -tt— —^\ the second, normal to 

^^ -^ 1 — tan 6/ tan cos /^ 

and intersecting the axis of the worm, is T tan /?. Since these two 

forces act at right angles, their resultant, which is the 



Pressure on 
worm 



»nre on \ __ m /( ^^ ^ + tan sec p \ , ^ 

-journals f ~ ^ y ll - tan ^ tan cos pi + ^ ^• 



The journal friction, assuming that hoth journals are of the 
same diameter D" and have the same coefficient of friction ^'\ is 



Journal fric- 
tiono 
shaft 



oumai iric- J jyn , ^^ 6/ + tan sec /?\' , . ^ .^^, 

lonofworm- = ;. ^^-2-^/ ( i-tan gtan0cos/? ) +^^^ ^- (^^) 



If the journals supporting the worm are of different diameters 
or have different coefficients of friction, the pressure on each 
journal may be found and the friction of each determined. The 
total pressure is divided between the two journals in amounts 
inversely proportional to their distances from the pitch point of the 
worm and wheel. Such a refinement as this would seldom, if ever, 
be worth applying in practice. 

There is an end thrust on the worm-wheel shaft approxi- 

, 1 X ^ to^ ^ + tan sec /? , . , 

mately equal to T- -tt- -r ^\ also a journal pressure 

^ ^ 1 — tan 6/ tan cos /? ^ ^ 

having a value TVl '\- tan" /?. 

The following equations may now be written by referring to 
those for an angular-thread screw. In them the frictional losses in 
the bearings supporting the worm-wheel are not taken into account 
as producing part of the thrusting force T. The equations of 
efficiency, therefore, do not exactly represent the efficiency of a 
complete mechanism, on account of the friction of the worm-wheel 
bearings being neglected, but the speed of the worm-wheel is so 
slow that the friction losses in its bearings are comparatively small 
ordinarily. The efficiencies given by the following equations are 

* See Appendix, § A. 
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far more accnrate than the assumptions that can be made for th 
coefficients of friction. 

The value of the *^ jonrnal friction " in the following equation 
may be obtained by equation (77). 

When the worm drives the wheel: 



Fl= T 
or 



Thread Resistance. '^ffi^^ 

tan<y + tan0 8ec/? d D^ Journal ,.. 

l-tan6^tan0co8/?^2"^^ 2 "^friction, ^ 



and 



^^y^+^^rdjec^ I + y^,^ + Journal (^g 

red — ^p COS p 2 ^ 2 ' friction, ^ 

Tp _ Tdi^ne ^ 

^ ■" F{27rl) ^ 2FI ' ^^^ 



_ tan ^(1 — tan ^ tan cos /S) 

"" tan -\- tan sec /? ' • • • v 

If it is desired to neglect the effect of the angle /?, then, for th 
approximate turning moment, 

Approximate Thread Thrust- bearing 
Resistance. Friction. 

or 

Fl = tP-±J^ X f + Tm'^- + J?"™''! . . (83 
nd — fjp 2 ' 2 ' friction, ^ 

And, for the approximate worm-thread efficiency, neglecting >5, 

When the wheel drives the worm, which action corresponds t 
overhauling in a screw : 

Turning Force due to Pres- Thrust-bear- 

sure of Wheel against Worm. ing Friction. 

F"l - ytang- tan sec/? d_ ,^ _ joarnal ,,., 
1 + tan <* tan cos /? "^ 2 '^ 2 friction. ^ 



t 
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or 

p,l ^ j P - M^d sec /? ^d _ ^ ,D^ _ Journal /g^x 

;rd + /ip cos /^ 2 2 friction, ^ ^ 

and 

^ "^"""Trftan^' ^^^^ 

. _ tan ^ - tan sec /? 

tan ^(1 + tan ^ tan cos /?) ^ ^ 

As is indicated by the above equations, the efficiency of worm- 

S^^g increases with the angular pitch up to a certain limiting 

^Ine, which depends upon the coefficient of friction of the worm 

Md the frictional resistance of the thrust-bearing. This limiting 

^gle is greater than has apparently ever been found satisfactory in 

practice. There seems to be a general tendency, however, to use a 

greater angular pitch than formerly, when the primary function of 

the worm-gearing is to transmit power in considerable amounts. 

A pitch angle of 20°, or even more, is quite commonly used for 

ifonn-driven machine-tools. 

77. Tests of worm-gearing. — In 1885- Wilfred Lewis published 
the results of an extensive series of tests made by Wm. Sellers & 
Co. on worm and spiral gearing. The result of each individual 
test on a particular mechanism, at different speeds and pressures^ 
was plotted on a diagram, which also had a curve of the mean 
efficiency of the mechanism for the entire range of speed covered. 
From these curves of mean efficiencies the readings given in Table 
XIV were taken. The teeth were approximately of the involute 
system. 

In the experiments it was found that abrasion, or cutting, be- 
gan between the surfaces of the worm-thread and wheel-teeth at 
certain limiting pressures and speeds. The mechanism could still 
be run after abrading, but the efficiency waa materially reduced. 
This is shown very clearly in the third and fourth columns of 
Table XIV, which give the efficiency both before and after 
cutting ; the drop in efficiency in the last column, at 100 revolu- 
tions, also shows the effect of cutting. 
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Table XIV. 

EFFICIENCY OF CAST-IBON WOBM-GEARING.* 

Efficiency = ratio of power delivered by worm-wheel shaft to that applied 
to worm-shaft. 

All worms 4'' pitch diameter ; all worm-wheels 18.62" pitch diameter, 39 
teeth, l^inch pitch. Worm ran in oil-bath. When two values are given for 
the efficiency in the same column, the lower one was obtained after abrasion 
began. The drop from 69 to 65 in the last column is due to abrasion. 



Revolutions per 
minute, approxi- 
mately t^quals 
the velocity of 
Bliding in feet 
per minute. 



3 
5 
7 

10 

15 

20 

80 

40 

60 

80 

100 

120 

150 

200 

800 

400 

500 

600 

900 



Efficiency, per cent. 



2 threads, 8 in. pitch. Angular 

pitch 18« 61'. Cast thread 

and teeth. 


1 thread, U in. pitch. Ang^ular pitch 

6«49'. Step-bearing 1.6 in. 

mean diam. 


Collar thrust- 
bearinfc 4'' mean 
diam. Pressure 

•.»0 to 6000 lbs. 


Step-bearing 1.6" 

mean diam. 
Pressure 1200 to 

nnooibs. 


Cast thread and 

teeth. Pressure 

4S0 to 6600 lbs. 


Machine-cut 

thread and teeth. 

Pressure ^^0U to 

6600 lbs. 


55 


49 

52 a 
54 .2 
57 g 

61 Z 
64 S 
66 ^ 
68 

70 and 59 

71 and 60 

72 and 61 

73 and 62 

74 and 68 

65 
66 
67 




42 


59 




45 


62 
65 
68 
70 
72 
74 
75 
76 


" "46 

49 ^d 

52 ^S 

57 ^"S 
59 

64 and 46 

67 and 48 

69 and 50 

71 and 52 

73 and 53 

54 

56 

57 

57.5 

58 

59 


48 
51 
55 
57 
61 
63 
67 
69 
65 \ -3 




67 1 




68^2 




70 M 




mv J ^* 



























* Readings of efficiency taken from diagrams by Wilfred Lewis in Trans. Amer. Soc. 
Mech. Eng., vol. vii., p. 278. 

The second column gives the efficiency of a worm whose thrust 
was taken by a collar-bearing formed by turning down the end of 
the thread to a flat surface ; this did not form a complete ring of 
mebil to bear against the bearing, about half the material being re- 
moved on account of the space between the threads. In all the 
other tests the thrust was carried by a step-bearing made of two 
hardened-steel disks, carefully ground, with a hard-brass washer 
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interpoeed. The step-bearing was 2|| inches outjiside diameter. 

The shaft at one end of the worm was 2|| inches diameter^ and 

1^ inches at the other. 

An examination of the table shows that the efficiency increased 
with the speed, in all cases, until abrasion began. The greater 
eflBciency of the double-thread worm may be seen clearly for the 
lower speeds, but is not so decided as the speed increases. 

A series of experiments were also made on the single-thread 
worm with cast teeth, whose efficiency is given in the fourth 
column of Table XIV, to determine the speeds and pressures liable 
to produce cutting during a ten-minute run. The results of these 
eiperiments are given in Table XV, taken from Mr. Lewis's paper. 

Table XV. 

SPEEDS AND PBB8SUBES LIABLE TO PRODUCE CUTTING IN 

CAST-IBON WOBM-G EARING. 



Velocity of 
sliding, 
foet per 
minute. 



800 
880 
880 
800 
480 
400 
360 
*306 



Pressure 
on teeth, 
pounds. 


Temperature. 


Efficiency. 


Duration 

of run, 

minutes. 


Initial. 


Final. 


Initial. 


Final. 


1785 


106' 


140' 


.609 


.887 


6 


1780 


118 


182 


.607 


.462 


3 


1205 


137 


150 


.575 


.860 


8 


448 


118 


133 


.594 


.445 


10 


2822 


144 


167 


.591 


.450 


7 


8481 


170 


180 


.689 


.415 


3 


4837 


138 


166 


.641 


.473 


6 


6558 


168 


186 


.677 


.677 


10 



Ft. lbs. per 
min. con- 
sumed in 
friction 
before cut- 
ting began. 

117,600 

129.800 

97,000 

29.400 

117800 

98.800 

122.400 

102,000 



* No cutting at 306 feet per minute. 

In the last of these experiments, at a speed of rubbing of 306 feet 
per minute, and a thrust of 5558 pounds on the worm, no abrasion 
occurred. The temperatures given are those of the oil-bath in 
which the worm ran ; the initial efficiency was obtained before 
abrasion, and the final after cutting began. 

In 1883-84 Dr. R. H. Thurston made a series of experiments on 
worm-gearing for the Yale & Towne Mfg. Co. The results are 
given by Henry R. Towne in the Transactions of the American 
Society of Mechanical Engineers, f The data show that the worm 



t Vol. vn., 1886. p. 800. 
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and wheel were both of caat iron, with machine-cut threads and 
teeth ; the worm was 6^ inches pitch diameter, donble-threaded, 
and 4 inches long on the thread ; the worm-wheel was 15|f inches 
pitch diameter, with 50 teeth and 2-inch face. The pitch, calcu- 
lated from these data, is 2 inches linear, or 5"^ 59' angular. 

During the experiments three forms of thrust-bearings for tak- 
ing the thrust of the worm were used. They were : First, a 
collar thrust-bearing having a collar 1 inch wide and 2^ inches 
mean diameter. The rubbing surfaces were the faced ends of the 
worm-hub and of the cast-iron supporting frame of the mechanism. 
Second, a button thrust-bearing, or step, made by capping the end 
of the worm-shaft with a piece of hardened steel, having its ex- 
posed face slightly convex, and letting it run against the hardened 
end of an adjusting set-screw. Third, a roller thrust-bearing, con- 
sisting **of 12 chilled cast-iron coned rollers of ^ inch mean di- 
ameter, contained within a brass cage having a separate pocket for 
each cone, the cones travelling at a mean radius of If inches from 
the axis of the shaft, between two steel collars or rings, one bearing 
against the hub of the worm, and the other against the face of the 
frame- bearing, the faces of these collars being coned to the shape 
of the rollers. The centrifugal thrust of the cones was resisted by 
a wrought-iron ring surrounding the cage, the ends of the cones 
being convex." 

Table XVI shows a comparison between the button-bearing and 

Table XVI. 

COMPARATIVE EFFICIENCIES OF THE SAME WORM AND WHEEL 
WITH BUTTON THRUST-BEARING AND ROLLER STEP-BEARING. 



Horse-power 
per 100 revolu- 
tions of worm 

per minute. 



.25 
.60 
.75 

1.00 

1.5 

2.0 

2.5 

3.0 



Efficiency, per cent. 



Button thrust- 
bearinf^. 



6 
10 
13 
16 
21 
25 
29 
32 



Roller thrust- 
bearinfc. 



9 
12 
18 
22 
27 
81 
85 
88 



Horse-power 
per 100 revolu- 
tions of worm 

per minute. 



4.0 
5.0 
6.0 
7.0 
8.0 
8.28* 
9.00 
10.5t 



EfHcieocy, per cent. 



Button thrust- 
bearing. 



88 
44 
49 
54 
59 
60 



Boiler thmst- 
beariDg. 



43 
47 
50 
52 
54 



I 



56 
57 



* Highest power given for button -bearing. t Highest power given for roUer-bearlDg. 
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To\leT-\)earmg for different rates of working, and Table XVII be- 
tween the collar-bearing and roller-bearing. The readings in the 
tables are taken from diagrams showing the results of the experi- 
ments. 

Table XVII. 

COMPARATIVE EFFICIENCIES OF THE SAME WORM AND WHEEL 
^ITH COLLAR THRUST-BEARING AND WITH ROLLER STEP-BEARING. 



RfTolntions 

of driver 

pw minute. 


Efflciency, per cent. 


Revolutions 

of driver 
per minute. 


Efflciency, per cent. 


Collar thrust- 
bearioR. 


Roller thrust- 
bearing. 


Collar thrust- 
bearing. 


Roller thrust- 
bearing. 


60 
100 
150 


8S 
42 
48 
42 


48 
52 
55 
58 


250 
800* 
850 
400 1 


40 
88 


60 
68 
65 


200 




67 









* HiglMst speed for collar-bearing. 



t Highest speed given for roller-bearing. 



The difference in the efficiencies obtained with these three forms 
of throBt-bearings shows clearly how much power may be lost in 
this part of the mechanism. It should be noted that while the ef- 
ficiency of the roller-bearing is higher than that of the button-bear- 
ing for rates of working up to 6 horse- power, it becomes lower at 7 
horse-power. The original diagram shows equal efficiencies at about 
^•5 horse-power. 

The results of a number of experiments on three tool-steel 
^orms, hardened, running against cast-iron worm-wheels, are given 
^ Bertram P. Flint.* Two of the worms were of the same diameter, 
^Qt one was of practically twice as great lead or pitch as the other. 
The results of the experiments are given in Table XVIII. That 
the limit of pressure is lower at the highest speeds of rubbing is 
clearly shown. 

The Sprague Elevator Co. found the efficiencies given in Table 
XIX by experimenting on a pair of Hindley worms such as are used 
by them for running their elevators, f In the elevator mechanism, 
two winding-drums carry the cable attached to the elevator-cage. 
These drums are geared together with spur-gears, so that they must 

• Engineering Newt, April 9, 1892, p. 848. 
f American Maehiniet, Jan. 21, 1897, p. 45. 
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Table XVIII. 
eppicibnct op woem-oeaeiko.* 

Bfflclency = ratio of power delivered by -worm-wheel Bh&fl to that recdved 
bj the worm-Bhaft. 

Worm of tool-Eteel, hardened ; wheel of cut-Iron ; axes of worm and wheel 
ttolh horizoDtal ; worm on top of wheel ; bottom of wheel dipped in oil-bath. 
Thrust of worm taken by phosphor-bronze plate agaliut which the end of the 
shaft turned. The limit of pressure Indicates the highest preasure that did not 
cause abrasion. 











Efflolency. peroen 


. 








SloBle-lhread Worm. 


DDiible-tbread Worm. 
Angular Plwh If W. 


DoubLe-ihrend 

Worm. 

AORDlar Fitch 10", 


ThniBt of 




111 
Mi 


S5i 


111 


It 

tit 


i 


1 


s 

gi3 


200 

800 
400 
500 
600 
700 
800 
1000 
1300 
1400 
1600 


uni- 
formly 
in- 

T" 


37 

39 

41 

48 

44 

44.5 

44 

4a 

43 

39 


30 

33 

33 

34.5 

36 

37 

87 

36.8 

86 


48 
47 

51 
53 
54 
54 
53 
51 
60 
48.5 


40 
S3 

56 

57 

54 

63 

61. C 

4S.6 

4a 


47.5 
4S.S 

51 

51. S 

61 

49 

48 

47 


so 

53 
&4 
64 
63 
62 
51 


63 
W 
64 
63 
61 


Limit of prrs- 
surt. piiuQila. 


1400 


12S5 


1470 


1S60 


1060 


1276 


710 



n b; Bertram P. FIIdC. Brigiiicrriltg Keia, 



rotate !it the same angular speed in opposite directions. A worm- 
wheel is rigidly attached to each drum or its shaft, one having & 
right-haud, and the other a left-hand, pitch to ite teeth. One 
right-hand and one left-hand worm are attached to the same ehaft, 
8o as to engage properly with the two wheels. By this arrangement 
no thrust-bearing is required. The experiments were conducted by 
driving the worms with an electric motor whoee armature was di- 
rect-connected to the worm-shaft,andhoiBting&weightcorreepoDd- 
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Table XIX. 

EFFICIENCY OF HINDLEY WORM AND WORM-WHEEL. 

DRIVEN ELEVATOR.* 

TTffl • — Load lifted X distance traversed. 

"~ Electrical energy received by motor. 

Two Hindley worms, right- and left-hand, on same shaft. No thrust- bear- 
ing or step. Pitch diam. of worm, 5.47 inches ; pitch diam. of gear, 26.89 
inches ; double-thread worm ; lead or pitch of each thread, 2.86 inches nearly; 
angular pitch at pitch line 9' 89'; velocity ratio 29 J to 1; speed of worm, 500 
rev. per min.; velocity of rubbing at pitch line, 718 ft. per min.; speed of 
travel of worm-wheel at pitch line, 112 ft. per min. 



PreRsure in Pounds on 


EfRciency, 
per cent. 


Pressure in Pounds on 


Efficiency, 


Both Worms. 


One Worm. 


Both Worras.| OneVVorm. 


per cent. 


1000 
1500 
2000 
2500 


500 

750 

1000 

1250 


44 
54 
60 
65 


3000 
4000 
6000 
8500 


• 

1500 
2000 
3000 


68 
72 

76 

78 



*Readiog8 taken fromdiaf^ram in American Machinist of Jan. 21, 1897, p. 45. 

• 

ing to an elevator-cage, which was lifted by means of a rope running 
irom the winding-drums on the worm-wheel shafts. Measurements 
of the electrical energy received by the motor, and of the work done 
upon the weight, were taken. The ratio of the latter to the former 
corresponds to the efficiency given in the table. This, of course, 
does not represent the efficiency of the worm-gearing alone, as has 
^n given in the preceding tables, since the motor losses, as well as 
those of the machinery between the worm-wheels and weight lifted, 
We included. The experimenters estimate that the efficiency of the 
wonn-gearing alone ** can scarcely be less than 90j^.'' Attention 
Jsalso called to the fact that the percentage motor loss increases as the 
^oad becomes lighter; hence the efficiency-curve drops more rapidly 
than the real efficiency of worm-gearing. 

A parallel series of tests on a pair of worms of the ordinary 
^<^nn, and working under the same conditions as the Hindley, gave 
^ eificiency 2^ lower at 2000 pounds pressure on both worms, 
Hich gradually decreased to 10^ lower at 6000 pounds. 

The requirement of the Hindley worm for accurate adjustment 
Aould be kept in mind when applying it where the service is heavy. 
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SCREW-GEARS. 

78. Screw-gears seem to be rapidly increasing in favor for nse 
where the service is light. Numerous examples are found in the 
feed mechanism of both light and heavy machine tools. In a great 
many cases they are now used where heretofore bevel-gears were 
almost universally applied. The objection against them^ that the 
teeth cannot be accurately cut in a milling-machine, but must be 
finished by hand, is not sufficiently strong to prohibit their use. 

79. Strength of screw-gear teeth. — When the velocity ratio is 
great, and the teeth of the gear corresponding to a worm-wheel run 
nearly or quite straight across its face, they may be dealt with 
for strength as those of a spur-gear having pressure applied at one 
jf)oint. While the point of application may be at the top of the 
tooth, it should never come at the end of its length across the gear 
face ; therefore it is doubtless safe to consider the effective width 
of the gear face for resisting fracture at least as great as 1.5 times 
the circular pitch. When the teeth run at a considerable angle 
iicross the face of the gear, they are somewhat stronger than those 
of a spur-gear of the same diameter and thickness. When the 
iingle between the axis of the gears is not so great as to prevent 
cutting the teeth of only such a length, in the middle of the gear 
face, as is necessary to allow the engagement of other gears, the teeth 
are much stronger on account of the supporting material at their 
ends; such a gear corresponds in a way to a worm-wheel or one that 
is slirouded. 

SO. Equations for turning force and efficiency of screw-gears. — 
When the axes of tlie gears are at riglit angles, the equations for 
worm-gearing apply equally well to screw-gears. If tlie angle 
between tlie axes does not differ greatly from 90°, the same equa- 
tions will give results more accurate than our knowledge of the co- 
efficiencies of friction entering into them. 

The slight practical use to which equations for smaller angles 
between the gear-axes can be put does not seem to warrant their 
presentation. 

It is worth noting, however, that, as the angle between the 
iixes decreases, the amount of sliding between the teeth of the 
^ears also decreases, and in consequence of this, together with the 
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redaction of thrust on the spiral pinion^ the efficiency increases 
uniformly^ reaching that of spur-geai*s when the axes become 
])arallel. 

In the tests already referred to as being made by Mr. Lewis, he 
fonnd the screw-gear efficiencies given in Table XX. The larger 

Table XX. 

EFFICIENCY OF CAST-IRON SCREW-GEARS.* 

Efficiency = ratio of power delivered by spur-gear shaft to that applied to 
^iral-piiiioD shaft ; or, ratio of output to input. 

All spiral pinions 4" pitch diameter ; all spur-wheels 18.62'' pitch diameter, 
teeth, 1| inch pitch. Spiral pinion ran in oil-bath. 
Cycloidal teeth, accurately cut. 



w ■ . ■ 




Efficiency, 


per cent. 




Bevolations 










of 

^ ■ t m 


1 thread. 


2 threads. 


4 threads. 


6 threads. 


Screir- pinion 


1.511" pitch. 


3.086" pitch. 


6.828" pitch. 


12.8M" pitch. 


per minate. 


8* 51'' angular 


13«» 49' anfoilar 


28^ 31' angular 


450 44' angular 




pitch. 


pitch. 


pitch. 


pitch. 


8 




60 
68 
66 


70 
73 
75 


81 


5 




88 


7 


45' 


84.5 


10 


46 


68.5 


78 


86 


15 


48 


72 


80 


87.5 


20 


49 


74 


82 


89 


30 


51 


77.5 


84.5 


91 


40 


53 


80 


86 


92 


60 


65.5 and 55.5 


88 


89 


94 


80 


68 and 57.5 


85 


90 


94.8 


100 


70 and 59 


86 


91 


95.8 


120 


71.5 and 60.5 


87 


92 


96 


150 


73.5 and 62 


88.5 


92.8 


96.5 


200 


75.5 


89 


92.3 


96.6 


275 


77.5 




92 


96.4 









* Readings of effldenpy taken from diagrams by Wilfred Lewis in Trans. Amer. Soc. 
Hech. Eng., toI. Tii., p. 873. 

wheel in each test was a spur-gear with accurately cut cycloidal 
teeth; the screw-pinion was also accurately cut to fit the gear. 
The angle between the gear-axes was 90° — ^, the pinion-shaft 
being set at the pitch angle 6 with a normal to the axis of the spur- 
gear, in order to obtain accurate intermeshing of the gears. The 
two efficiencies of the single-thread pinion, at speeds from 60 to 
150 revolutions, are due to different conditions of the rubbing sur- 
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faces; the higher efficiencies correspond to an improvement o 
these surfaces^ secured by running the mechanism for some tim( 
under a light load. 

81. Coefficient of friction of screw-gears. — By determining th 
journal friction as accurately as possible, and allowing for it, Mr 
Lewis found, by calculation, the coefficient of friction ^ for thi 
two-, four-, and six-thread pinions given in Table XX. Th 
coefficients are given in Table XXI, together with their averag< 

Table XXI. 

COEFFICIENT OF FRICTION OF SCREW-GEARS. 
For Three of the Gears given in Table XX. 







Coefficient of Friction, i*.. 




RevoIutioDs of 










Screw-pinion 
per minute. 










S threads 18« 49', 


4 threads 28" 31', 


6 threads 45o 44', 


Average 




angular pitch. 


angular pitch. 


angular pitch. 


Values. 


3 


.086 


.105 


.094 


.095 


5 


.078 


.097 


.089 


.088 


10 


.064 


.081 


.076 


.074 


20 


.050 


.065 


.061 


.059 


50 


.035 


.042 


.038 


.038 


100 


.025 


.030 


.024 


.026 


200 


.018 


.026 


.015 


.020 



values for various speeds. In view of the low values of // for 
square-thread screws, given in Table XIII, when lubricated with 
graphite and oil, it would seem that such a lubricant might be 
excellent for worm- and screw-gears. In fact it is recommended 
by a leading concern building large worm-driven metal-working 
planers. 

Valuable data could doubtless be obtained by a series of experi- 
ments on worm- and screw-gears of different materials and with 
different lubricants. 



CHAPTEE VI. 
BCKEW-FASTENINQS. 



BS. In machine constraction it is frequently desirable to foBteo 
parts bother in snch a manoer that they can readily be separated 
uid pnt together again without injarmg the fastening or destroy- 
ing its iuefalneB£. In order to accomplish this, fastenings having 
senw-tbreade cat upon them are nsed. 




sellers united states 

standard thread 

Fig. 84. 

The Sellers United States Standard thread, shown in sectional 

outline in Fig. 84, has the aides inclined at an angle = 60° = 2/?. 
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The proportions are obtained by extending the lines of the sides 
until they intersect, then catting off one eighth of the distance h 
from the top, and filling in to the same extent at the bottom, of the 
angles thus formed; this makes the height of the thread = A = 0.65- 
of the pitch. 

Table XXII gives the proportions of IT. S. Standard threads. 

Table XXU. 
n. s. or sellers system of screw-threads. 



Diameter of 

Bolt« 

Inchefl. 


Threads per 
Inch. 


Diameter of 
Root of 
Thread, 
Inchea. 


Width of Flat, 
Inches. 


Area of Bolt- 
body in 
Square Inches. 


Area at Root 

of Thn^ad in 

Square Inches.. 


1/4 


20 


.185 


.0062 


.049 


.027 


5/16 


18 


.240 


.0074 


.077 


.045 


8/8 


16 


.294 


.0078 


.110 


.068 


7/16 


14 


.344 


.0089 


.150 


.098 


1/2 


13 


.400 


.0096 


.196 


.126 


9/16 


12 


.454 


.0104 


.249 


.162 


5/8 


11 


.507 


.0113 


.807 


.202 


3/4 


10 


.620 


.0126 


.442 


.802 


7/8 


9 


.781 


.0188 


.601 


.420 


1 


8 


.887 


.0156 


.786 


.550 


u 


7 


.940 


.0178 


.994 


.694 


ll 


7 


1.065 


.0178 


1.227 


.898 


If 


6 


1.160 


.0208 


1.485 


1.057 


u 


6 


1.284 


.0208 


1.767 


1.29& 


H 


6i 


1.889 


.0227 


2.074 


1.515 


If 


5 


1.491 


.0250 


2.405 


1.746. 


U 


5 


1.616 


.0250 


2.761 


2.051 


2 


4i 


1.712 


.0277 


3.142 


2.802 


2i 


4i 


1.962 


.0277 


3.976 


8.02a 


2i 


4 


2.176 


.0812 


4.909 


8.719 


2| 


4 


2.426 


.0312 


6.940 


4.620 


3 


3^ 
Si 


2.629 


.0857 


7.069 


5.428 


H 


2.879 


.0357 


8.297 


6.510 


8i 


8i 


8.100 


.0884 


9.621 


7.548 


81 


8 


8.317 


.0418 


11.045 


8.641 


4 


8 


8.567 


.0413 


12.566 


9.968 


H 


2i 


8.798 


.0435 


14.186 


11.829 


4i 


2| 


4.028 


.0454 


15.904 


12.753 


4f 


2f 


4.256 


.0476 


17.721 


14.226 


6 


^ 


4.480 


.0500 


19.685 


15.768 


5i 


n 


4.780 


.0500 


21.648 


17.572 


5i 


4 


4.953 


.0526 


23.758 


19.267 


5* 


21 


6.203 


.0526 


25.967 


21.262 


6 


2i 


6.423 


.0555 


28.274 


28.098 
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The proportions of heads and nats, as made by the leading 
manafactarers, do not generally conform with the U. S. Standard, 
and not always with each other. It is advisable to consult the 
catalogne of the manafactarer whose bolts are to be nsed. 

Table XXIII gives the proportions of bolt-heads and nuta 
adopted by some of the leading makers. 

Table XXIIL* 



PROPORTIONS OF BOLT-HEADS ADOPTED BY DIFFERENT 

MANUFACTURERS. 

The dimeDsioDS are tbe same whether finished or rough. 





Dimensions of Square and Hexagon Bolt-beads.t 


Diam. 

of 
Screw. 


Hoopes& 
Townsend. 

1 


Rhode Island 
Tool Co. 


Wm. H. HaskeU 
& Co. 


J. H. Sternbergh 
&Son. 




width. 


Thick- 
ness. 


Width. 


Thick- 
ness. 


Width. 


Thick- 
ness. 


Width. 


Thick- 
ness. 


1/4 
5/16 
3/8 
7/16 
1/2 
9/16 
5/8 
3/4 
7/8 
1 

u 
u 


7/16 
1/2 
19/32 
11/16 
3/4 
27/82 
15/16 

U 

IJ 
1| 

If 


8/16 
1/4 
9/32 
8/8 
7/16 
1/2 
17/82 
5/8 
8/4 
7/8 
1 

U 


3/8 
15/32 

9/16 
21/32 

3/4 
27/32 
15/16 

U 

lA 


3/16 

1/4 
5/16 
8/8 
7/16 
1/2 
17/82 
5/8 
3/4 
7/8 


7/16 

1/2 

5/8 

23/32 

13/16 

15/16 

1 

lA 
It 


3/16 

1/4 

9/32 

11/32 
8/8 
7/16 
1/2 
5/8 
8/4 

13/16 


7/16 
17/32 

5/8 

28/32 

18/16 

29/32 

1 

lA 

n 

lA 

If 


8/16 

1/4 

5/16 

3/8 

13/82 

15/32 

1/2 

9/16 

11/16 

8/4 

7/8 
1 





















• Machinery, April 1897, page 242. 

t Tbe width of the not is tbe same as that of tbe bead ; its thickness is commonly equal 
to tbe diameter of tbe thread. 

The Whitworth English Standard thread, Fig. 85, has an angle 
of 55^ between the sides, and the top and bottom are ronnded for 
a distance eqoal to one sixth of the depth of the corresponding 
V thread; this leaves the height of the thread = A = 0.64 of the 
pitch. 

By catting off the sharp points of the older forms of V threads^ 
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SO as to form tbe standard threade jaet mentionfld, tliey beooEzitt 
less subject to braising by accidental blows, and tbe tape, die«, aaid 
turning tools used to form them are more durable than those wiCZi 
sharp threads. 




WHITWORTH ENGLISH 
GTANDAFID THREAD 

Fia. 85. 

The square thread, Fig. 86, is commonly used when there ia 
considerable wear due to relative motion of the threaded parts 
engaging together; it has the advantage of presenting a surface 
almost at right angles to the line of pressure, which is ordinarily 
parallel to the axis of the thread. 

The buttress thread. Fig. S7, is sometimes useful when the 
pressure against the thread is all, or nearly all, in one direction. 
The surface taking the thrust is made perpendicular to the axis of 
the thread, the other having any convenient angle with it. By 
this means a strong thread is obtained. 

The forms of screw-fastenings are almost infinite in number; a 
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kw of the more common ones, together with their ordinary fane- 
tiiHU, ue given below, chiefly in order that they may be referred 
to with a clear nnderatanding of what each is. 

A machine bolt oonaiats of a bar of metal, forming the body of 
the bolt, having a thread and nat at one end, and a bead, forming 
aa integral part with the body, at the other. Ordinarily it is need 




to clamp together parts of machinery by passing through them so 
that the inner snrfacee of the bead and nnt press against the pieces 
held together by the bolt, as shown in Fig. 88. A washer is fre- 
<]nently placed between the nnt aad the clamped piece, to prevent 
marring the latter, and to give a better bearing surface for the nut. 
A cap-screw, Fig. 89, is of the same form as a bolt with the nnt 
remored. It is commonly nsed to fasten parts together by screwing 
into a threaded hole in one of them. The depth of the threaded 
hole depends largely upon the material ; in all cases where the parts 
«re drawn tightiy together, its depth ghoald be as great as the 
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diameter of the screw. When the material tapped into is mnch 
weaker than that of the screw, as when a macbine^teel cap-screw 
is screwed into cast iron, the threaded depth of the hole should be 
made conaiderahly greater; twice the diameter of the screw, or 
more, is advisable under snch conditions. 

A stad, Fig. 90, consists of a bar threaded at both ends. One 
end ia screwed into a tapped hole in one of the pieces to be held 
together, and the other receives a nut which presses against the 




BUTTRESS T I 

Fro. 87. 

clamped piece. A stnd performs the same Hervice as a cap-screw. 
It ia nsefal where the parts are to be separated frequently. If a 
cap-screw is drawn down hard and removed several times from cast 
iron, there is danger that the threads of the bole will break and 
crumble awaj, anless the material is close-grained and of good 
qaality. By using a stad this is obviated, for it can be screwed 
tightly into the hole and left there. The nut and stud can both be 
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made of s stroDg, darable material, aod in case of injary to the 
threads, can be replaced readily and at small expense. A stnd doea 




Fio. 88. 

not need as long a thread in the tapped hole as a oap^crew, for 
the reason that it doee not turn when under stress. 

Fig. 91 shows a stud that can be used, when only a shallow hole 
can be made in a weak material, by screwing the larger end into the 
threaded hole and putting the nnt on the smaller. Fig. 93 shows 
another form that can be nsed in the same way, or it can be nsed 
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when the stud is screwed into a thin piece, through which th« 
threaded hole passes. For sncb a purpose the small end is screwed 
in until the sbonlder prevents it from entering farther; the nat is, 
of conrse, placed on the large end in snch a case. 




A set-screw ia nsod to prevent sliding or rotation between parts 
that tit together; iin oniiiiary application is that of fastening ptillevB 
in place uiwn shafting. A common form of set-screw is that of 
Fig. 'Xi; the point sliown is ronnd; other jxiints, largely useti, are 
the cuji, cone, and pivot, sliown in Figs. '.'4, [)o, W. and ',"7. 

The nietlioil of using a set-screw is shown in Fig. '.tr', which 
represents a collar or pulley-hub held in place on a shaft by the 
set-screw. When the piece through which the set-scrow {>a8ses 
must be held verv lirmly in position, so as to resist forces of con- 
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riderable msgnitude, tending to displace it, a recess, generally 
conical, is drilled in the shaft to receive the end of the screw ; for 
Ught work, the screw is tightened agunst the smooth shaft so that 
the point is set into it far enough to hold. 




The conical and cap points hold more firmlj than the round 
point when set lightly against the smooth shaft, but at the same 
time they mar it to a greater extent, thus making it more diflBcolt 
to separate the parts. 

Prof. Gaetano Lanza gives the resnits of a series of tests on the 
holding power of set-screws made on screws having different kinds 
of points.* The experiments were made on a pnlley held in place 

* Tmu. Amer. Soc. Mech. Etig., vol. x., p. 280. 
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on a ^('inch ebatt by two g-iach aet-screws baring ten threadito 
the inch. The screwa were tightened with a force of 75 poanda 
applied to the end of a 10-inch wrench. All screws were of wronght 




ii\>ii, .tiul only oiit> was oase-harvlened at the point. The shaft was 
i>f rattior liar\l eio«l. and the set-$crews made hat little impression 
mym it. Six tosts wiere made on each of the points A, B, and D; 
tonr ou <.'. .V ^umniarr of the reeolts is given in Table X^I\'. 



8crew-fasten1ng8. 

Table XXIV. 
holding power of set-bckewb. 



A 


B 

















dfJl 


^L. 


r^.{i.. 


uia 


2747 


1902 


3294 


8079 


S0T9 


2064 


2912 


2578 







The following remarka are made by Profeflsor Lanza regarding 
the tcraws: 

"A. The nt-MrawB were not entirely nonnal to the ahaft; 
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heDce they bore less in the earlier trials before they had become 
flattened by wear. 

" B. The ends of these set-screws, after the first two trials, were 
fonnd to he flattened, the flattened area having a diameter of about 
i of an inch. 

"C. The ends were found, after the first two trials, to be 
flattened as in U. 

"D. The first test held well becanse the edges were sharp, then 
the holding power fell off till they had become flattened in a 
manner similar to B, when the holding jjower increased again." 

A jmlley that does not fit ita shaft is difticnlt to hold in place by 
a single set-acrew, or even by two or more placed on tho same side 
of the shaft. In either case, the screw-points, pressing against the 
shaft on one side, canse contact between the hnb and shaft on the 
opposite aide, as at «, Fig. 08, while the remaining parts of the 
bore and shaft do not touch. If a torsional moment acta, tending 
to rotate the pulley clockwise around the shaft, the set-screw, hold- 
ing firmly to the shaft, will cause the hnb to slide toward the left 
over the shaft at n; a reversal of the turning force will allow the 
surfaces at ii to slide back over each other, \nmcroiis repetitions 
of this action will cause the point of the set-screw to enlarge the 
indentation in the shaft, and, finally, the point may wear away, or 
the screw work backward in the huh, so that the parts can rotate 
relatively to each other. Snch a repeated application and removal 
of the tnrning force or resistance is of common occurrence in 
practice. 

There are two methods of obtaining a more reliable set-screw 
fastening than the above, when there is not a close fit between the 
hnb and shaft. One is to place two set-acrews at an angle of abont 
90° with each other, in the same cross-sectional piano of the shaft 
and hnb, both screws being ratlial; the other is to cnt away a por- 
tion of the hnh, as shown by the dotted line below a, Fig. 98, still 
retaining the single set-screw, or more, as the case may be, on one 
side of the shaft. Both these methods give three-point contact in 
a plane normal to the axis of the shaft, and passing through theaiia 
of the screw. This prevents slipping between the hub and Bhaft, 
thus giving a firmer fastening. 

In all the above fastenings the form of the head or nut, whether 
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deugned for a wrench or a ecrew-driTer, does not change the name 
oi the fastening. Verr smali screws, with heads slotted for a 
Bcrew-driver, are, howerer, oommonlj called machine screws. 

83. LockiBg derieet for nvtt and aerewi. — Since the constant 
jarring to which many kinds of machinery are snhjected, freqaentlj 
causeB nuts and screws to work loose, and eren to fall from their 
places, the necessitj of securing them hy some safety locking 
appliance has hrooght forward namerons dcTioes for this parpoee. 
A few will he descrihed. 

One of the most common is the lock- or jam-nat shown in Fig. 
99. The ordinary proportioas are given. They are kcked together 
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clamped piece; as gooq as the not is turned backward, bowever, tli8 
sharp corners of the lock cut into tbe surfaces of both the aut nxid 
the piece niider it, thus preventing the loosen tup; of the former. It 
cun easily be seen that such a out-lock can be used only where til* 
nut IB not to be removed, or where the cutting of the material !>▼ 
the lock is not objeotioniLblo. 



Flo. 101). Ft'i. H)!. 

Another device, in which the thread is niude so aa to look the 
nut, 18 shown in Fig. 103. The thread of the bolt ia andercut so 




tbat its working side mokes about five degrees less than a right if 
uith the axis of the bolt, and the apex of the thread ia cat to a ' 
knife-edge. The nnt has a thread cnt so that its working side 
makes about five degrees more tbau « right angle with the t 
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the not. This leaves a cavity of abont ten degrees between the 
bolt- and nut-threads, so that when the nnt is tightened the thin 
^ges of the bolt-thread are forced ont into the nnt, thus locking 
them together. It is claimed that this device is serviceable even 
>«^bere the nnt is to be removed as often as a dozen times during its 
nse. 

Fig. 103 illustrates a bolt with a cold-rolled or ** undercut " 
thread as made by J. H. Sternbergh & Son, of Heading, Penn.* 

84. Strength of screw-bolts. — In many cases a bolt must have 
sufficient tensile strength to resist a known or estimated stress, as, 
tor example, when used to attach cylinder-heads to engines, pumps, 
^tc. ; to fasten together flanged pipes carrying some substance nnder 
pressure; or to support a suspended load. 

If, as is ordinarily the case, the nut is to be screwed up tightly 
enough to prevent even the slightest separation of the clamped 
parts when under stress, the initial tension in the bolt, due to the 
tightening of the nut, must be at least as great as the service ten- 
sion, in order to prevent lengthening of the bolt under the service 
tension, and the consequent separation of the parts clamped 
together by it. This assumes that the parts are rigid and large in 
<^uipari8on with the bolt. 

For example, suppose that, in Fig. 104, the part i? is to be 
clamped against A by the bolt, so that they will not separate when 
* given load T\s suspended from B^ the line of action of T being 
coincident with the axis of the bolt. The initial tension in the bolt 
'^Dat therefore be at least as great as T. In order to allow for a 
factor of safety, assume the working strength of the material of the 
'^U as 6000 pounds per square inch. The load T may be taken as 
^JO pounds. The required area of the bolt to resist tension only, 
'Q a section across the roots of the thread, is therefore 

^ = 0.833 sq. in. 
6000 ^ 

The sectional area at the roots of a U. S. Standard thread, on 
a bolt having a body li inches in diameter, is 0.89 of a square inch, 

* Other designs of Dut-locks are illastrated in Rosens " Modem Machine-shop 
Practice," vol. I., pp. 118-121; Unwin's ** Elements of Machine Design," Part 
I., pp. 159-168; Reuleaax's "Constructor," p. 56; Klein's *' Elements of Ma- 
chine Desigii/' p. 9 and Plate 11. 
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the root diameter being 1.065 itiches. Since this is the nearest 
standard size having an area as large as that required, it wonid be 
used in practice. 

The turning moment necessary to give the tension of 5000 




Fig. 104. 



pounds can be found by equation (71) or those following it, in 

, . . . 1. . 1.25 + 1.065 ^ ^^. , 
which, for this case: p = \ inch; a = ^ = 1.16 inches; 

2> = 1.7 inches, about; /3 = 30° ; and, since the coeflScient of friction 
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^ Qncertain and shoald be taken large enough to cover poor Inbri- 
<^tion and rongh bearing-sarfaces, it is admissible to take /x = 0.15, 
and /i' = 0.12. 

Sabetitnting in equation (72), 

~ + .15X ^X 1.16X1.15 

''-'''' .1.16-L5X1.16X.866 V + ^^^^X'^^X¥ 
= 623 + 510 = 1132 inch-pounds. 

Aasnming / = 16d = 16 x 1.25 = 20 inches, this being about 
the ralue used in practice for a solid wrench, gives 

1132 
F = -^ = 57 pounds, 

'^hich is 1 pound of torsional force for every 5000 -r- 57 = 88 
pOQDds tension in the bolt. 

The value of Fl can also be obtained by assuming an efficiency 
1! for the bolt, and substituting in equation (59), which can be 
applied to angular- as well as square-thread screws. Taking 
i'^ 0.1 and substituting, 

^ , 5000 X 1/7 ^, 10 X 5000 ,, ,^ . , , 

The maximum tensile and shearing stresses can be found by 
^nations (67) and (68) ; the values of I and s to be used are 
/ = T-^ A = T -^ 7rr^*y and s = Fl -^ i^r^** These maximum 
stresses do not need consideration, however, unless the nut is 
tightened while under the stress of the load. 

If the material through which the bolt passes in Fig. 104 were 
totally without elasticity, and the bolt tightened to produce a ten- 
sion T in it, then, for any suspended load not exceeding 7", the 
tension in the bolt will always be equal to T; and when the load 
equals T there would be no pressure between the surfaces clamped 
together, for the bolt would elongate enough to relieve the pressure. 

If a spring were interposed between the surfaces before tighten- 
ing the bolt and put in compression, without clamping it solid, 
by screwing down the nut till a tension T is produced, then a 
suspended load would make the tension in the bolt equal to T plus 
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the load. This assumes that the elongation in the bolt is so slight 
B£ to be inappreciable compared with the capacity of the spriDg for 
elongation. 

Since all material is elastic, there is always something of the 
spring action on the holt. This, of course, is exceedingly slight 
when heavy parts of rigid material are bolted together; when short 
bolts are used to clamp together pieces separated by a springy sab- 
stance, such as rubber packing, the spring action may be great 
enough to require consideration, 

Kxperiments show thut groores tised. for standard bolt-threads 
Tory materially increase the tensile strength per nnit area, although 
the total strength may be made less than that of the original bar. 
This is dne to the fact that fracture is made to occur at the groove, 
which, on acconut of having a large amount of resisting material on 
each side, requires e. greater force to fracture it than a bar of the 
same diameter us a section at the bottom of the groove. 

The elfect of cutting a V thread upon a bolt is nearly the same 
as for a single circumferential groove of the same form as the thread- 
groove. It has been found by experimental investigation that, on 
acconnt of this strengthening effect of tlie thread, with fairly goo*! 
rubbing surfaces reasonably well lubricated, the axial tensile atreea 
per square inch which will cause rupture in a U. S. Standard screw- 
bolt, while tightening the nut, is pnictically the same as the break- 
ing strength per square inch of the body of the bolt.* This means 
that the twisting etfect of the nut may be neglected. 

The sectional area of IT. H. Standard screw-bolts at the bottom of 
the thread is roughly 0.7 of the area of the baron which the thread 
is cut, for diameters up to 3 inches. It therefore seems safe to any 
that the axial tensile stress which will rupture such a screw-bolt, 
vhen tightening the nut, is 0.7 as great as will fracture the bod; 
of the bolt, it being assumed that the body and the top of the 
thread are of the same diameter. 

Slajor Win. R. King found that by doubling the number of 
threads per inch on a screw-bolt, the total tensile strength was 
increased about 20;*, and the resilience or shock -resisting power to 
a much greater extent. The gain was somewhat greater when the 



* Zeilschrift des Vereines deutacber iDgeni 
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12 


18 


1.21 


1.23 


.06 


.08 


.0726 


.0984 
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nnmber of threads per inch was tripled.* The average results of 
sereral tests were as follows: 

Threads per inch 6 

Belative tensile strength .... 1. 

Elongation 025 

Belative work or resilience. . .025 

The stress was applied at the nut and head. Stripping of the 
thread did not occur in any of the experiments, but the reduction 
of the diameter of the screw by elongation was so great as to let a 
portion of the threads of the nut and bolt slip past each other. 

It has been shown by numerous tests upon screw-bolts having- 
the thread made by the cold-rolling process, which forces the metal 
np so that the top of the thread is somewhat larger in diameter than 
the body of the bolt, that, when subjected to tensile stress applied 
to the working faces of the head and nut, the bolt invariably frac- 
tures in the body.f These tests show very clearly the strengthening 
effects of the thread, for the sectional diameter across the bottom 
of the thread is, of course, considerably less than that of the body 
of the bolt. 

85. Endurance of screw-bolts. — Repeated stresses in a screw- 
bolt, such as occur in the fastenings of a trip-hammer, steam or 
pneumatic rock-drill, connecting-rod ends of pumps, engines, etc., 
frequently caase bolts to fracture across the threads between the 
nut and body. This is caused by the slight temporary elongation 
of the bolt every time the shock or stress occurs. Such an elonga- 
tion may occur without allowing the surface of the parts held 
together to separate even to the slightest extent; for the elasticity 
of any two parts clamped together with a bolt will, when an addi- 
tional stress is applied to separate them, especially if it is a shock, 
cause them to increase their dimensions in the direction of the 
length of the bolt, and thus elongate it. 

By redacing the sectional area of the body of the bolt so that it 
is not greater than that across the bottom of the thread, the bolt is 
made more durable. This is due to the fact that, by reducing the 



♦Trans. Amer. Inst. Mining. Engrs., 1885, p. 90. 
f Catalogae of J. H. Stern bergh <& Co. 
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Bectioual urea of the body, the bolt elongates more readily, the 
slight elongation that occurs with each shock distribnting iteeU 
nearly nniformly throughout the letigth of the bolt, thus rednciug 
the actual stress which occurs in it with each ehock. When the 
body of the bolt is of the same diameter as the top of the threaJ, 
the slight elongation which occurs with each repetition of atresa is 
largely localized at the bottom of the thread between the nut and 



« 



mm 



it 



body of the bolt, and causes the metal to gradually give way by 
fatigue. 

The redaction of the sectional area of the hotly of a bolt may be 
accomplished either by reducing its diameter, as in Kig. 105, or by 
drdling a hole in the centre, as in Fig. lUli. The hollow bolt is the 
stronger torsioually, and will therefore withstand a greater tensile 
stress while the nat is being screwed on. The increased endurance 
of bolts so made has been demonstrated in practice. 
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CHAPTER VII. 

MACHINE KEYS. PINS, FORCED AND SHRINKAGE FITS. 

MACHINE KEYS AND PINS. 

86. The principal function of machine keys is to prevent rotary 
motion of one part about another, as of a pulley about a shaft on 
which it fits; less frequently they are used to prevent lateral motion 
also, when the tendency to such motion is comparatively small. 
They are in a general way divided into three classes, conunonly 
<ttlled flat, square, and feather or sliding keys. 

There are no accepted standards of keys and key-way propor- 
tions. Tables XXV, XXVI, and XXVII, by John Richards,* give 
ttie average proportions of general practice, however. 

The flat key, Fig. 107, is most suitable for heavy machinery, 
such as is used for mill-work, when both the relative rotation of the 
parts and the lateral motion incidental to the vibration of the machi- 
nery, and, in some cases, the weight of the parts, are to be resisted. 
A flat key should completely fill the key-way; the pressure against 
the sides should be greaterthan at the top and bottom, where a light 
pressure is all that is necessary. A heavy pressure against the top 





Fio. 107. Fio. 108. 

and bottom of the grooves has a tendency to spring the parts out of 
true and fracture the hub. The top of a key is the side remaining 

♦ Richards' "ManuAl of Machine Construction." C(u$ier'» Magazine, April, 

1893, p. 416. 
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completely exposed after the key has been pat in position in one of 
the parts to be keyed. 

"Square" keys, Fig. 108, which are generally only approxi- 
mately square in section, are generally used for the lighter classes 
of work, and especially for machine-tool construction. They should 
fit tightly on the sides, only merely touching at the top and bottom 
so as to prevent their tipping over under a heavy load, or not 
touching at all at the top. 

Table XXV.* 

DIMENSIOKS OF FLAT MACHINE KEYS, INCHES. 



Dinm. of shaft. 


1 


H 


U 


11 


2 


2i 


3 


8i 


4 


6 


c 


7 


8 


Breadth of keys 


i 


-ft 


1 


A 


i 


i 


f 


} 


1 


ii 


11 


u 


u 


Depth of keys.. 


i\ 


A 


i 


A 


h 


1 


A 


i 


i 


H 


i 


1 



Table XXVL* 

DIMENSIONS OF APPROXIMATELY SQUARE MACHINE KEYS, INCHES. 



Diameter of shaft 
Breadth of keys.. 
Depth of keys . . . 



1 


li 


li 


If 


2 


3 


3 


3} 


I'f 


I'l 


A 


H 


u 


i} 


/. 


A 


i 


A 
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l\ 


i 


A 


1 
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1 



Table XXVII.* 

DIMENSIONS OF FEATHER OR SLIDING MACHINE KEYS, INCHES. 



Diameter of shaft. 
Breadth of keys.. 
Depth of keys. . . . 



li 


n 


i» 


2 


2i 


n 


8 


n 


4 


i 


i 


A 


A 


{ 


1 


i 


h 


A 


1 


i 


tV 


A 


i 


1 


i 


i 


i 



n 



* Taken from Cassier'a Mayazine^ April, 1893, p. 416. 

If only a small portion of the power that the shaft is able to 
transmit is taken oG. throngh the key, the latter may be made 
smaller than given in the tables. The side pressure on the key is 
practically inversely as the diameter of the shaft. 

A feather or sliding key is adapted to a service requiring lateral 
motion of the parts over each other, but not relative rotation. On 
account of the wear on the sides, due to the lateral motion, and ia 
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order to gire the key a firm hold upon the part to which it ia 
attached, its radial height ia greater than for "sqaare" keys. 
Sacb a key ia faatened to one of the parts, either tightly or loosely, 
M is mwt anitahle for other reqairementa, and movea laterally with 
r^ird to the other. Probably the simplest method of faatening 
iDch a key to a ahaft is to dovetail it slightly on the sides and ends 
Dear the bottom, then force it into place and rivet the edge of the 
tey-wty down against it with a key-set. Another method of 
attaching a short feather to a shaft is shown in Fig. 109. The key 




is made with a conple of round Ings or pins which pass through 
boles drilled in the shaft and are riveted on the side opposite the 
Icey. The same device u applied to a feather attached to a hub in 



Fia. 110. 

Fig. 110. Another method ia shown in Fig. Ill ; the feather may 
be made a loose fit in this form, and can be removed by slipping the 
hub off the end of the shaft. 

A method of nsing a square key which ia not very generally 
applied in practice, but which appears to possess an advantage in 
the ease with which it can be fitted, is shown in Fig. 112; the key 
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is square, and is placed so that one diagonal is radial. A heaTj 
load would exert a strong bursting pressure on the hub. For this 
reason the key is hardly suitable for heavy service. 




Fig. 111. 






Fig. 112. 



Fig. 113. 



Fig. 114. 



A cylindrical pin can be used, as in Fig. 113, when the shaft 
and hub are of the same material, or near enough alike to make it 
practicable to drill a hole for the pin as shown. Sach a key or pin 
is hardly suitable for heavy machinery. 

A taper pin, Fig. 114, can be used to advantage when there is 
considerable end pressure to be resisted, as well as turning force. In 
practice the smallest size of sach a pin is ordinarily determined by 
the smallest taper reamer that is long enough to ream out the hole. 
]\Iorse standard taper pins are generally used. The torsional 
moment, which a pin that is not large enough to weaken the shaft 
unduly will resist, is much less than for a key of the proportions 
given in the tables, if the length of the key is as great as the 
diameter of the shaft. 
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67. B,oller keyt are used to some extent for faeteDing email 
puUeye, etc., to shaftinj^. The hob o* the pallej is bored a short 
diBtance at each end to fit the shaft; the ceatre is bored eccentric 
villi the ends, and larger in diameter by something more than the 
diameter of the roller key to be used. A hardened cylindrical key 
of abont the same length as the larger part of the bore is placed in 
it, and the shaft slipped through the hnb. A slight rotation of the 
latter caases the key to hind between it and the shaft so as to pre- 
vent farther rotation in that direction: a slight rotation in the 
opposite direction loosens the connection. It is self-evident that 
this device can be nsed only when the tendency to tnrn the parts 
over each other is always in the same direction. 

88. Eccentric keys or futenings of the form shown in Fig. 115, 




Fig. 115. 
known 88 Blanton Patent Fastenings, are nsed to good advantf^e in 
certain classes of machinery. The surface of the shaft is turned into 
a series of cormgations as shown, and the hub is bored to the same 
form, being made large enough toslipalongtheshaft freely when the 
parts are pnt in the loose position. A slight angular rotation of one 
caases it to lock with the other and drive it. By turning them in 
the oppoeito direction relatively to each other they are loosened. 

This fastening has been foand especially applicable to the lift- 
ing-K»m8 of ore stamp-mills, largely on acconnt of the ease with 
which the cams can be removed and new ones substituted. Wlien 
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there ie danger that the faetening may heoome loose on acconnt 
of the moDientam of the parta, slight Tariations of speed, rerersali 
of motion, etc., a key is applied, aa in Fig. 116, to prevent the 




loosening. The fastening, althongli thns modified, is still adapted 
to driving in only one direction. 

The Bhinton fastening is adapted to round shafts as shown in 
Fig. 117, The taming moment is largely resisted by the friction 
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between the shaft and corrugated sleeve, thns relieving the rectan- 
gular key of mach of the pressure that would come upon it if pre- 
senting rotation between two round parts.* 

SHRINKAGE AND FORCED FITS. 

83. Shrinkage and forced fits are adopted frequently when it is 
desired to have parts fit together very tightly ; the parts are almost 
invariably either cylindrical or slightly conical on the surfaces in 
contact. For a shrinkage fit, the outer member, of two parts that 
are to be fastened together, is finished to a diameter slightly smaller 
than the inner. It is then heated so as to expand it enough to 
pass over the inner member, put into place and cooled. The con- 
traction of cooling causes it to grip the inner part firmly. 

For a forced fit the parts are prepared in the same manner as 
for shrinkage fits, but are forced together cold instead of the outer 
one being expanded by heat and then shrunk into place. 

90. Tension in and pressure against a thin ring fitted by 
liuiiiking or forcing. — The tension in a ring that is thin radially 
in comparison with its diameter, as well as the pressure between the 
n'ng and body it encircles, can be calculated if the modulus of 
elasticity E of the material is known. This assumes that the ring 
is either forced into place, or is heated to a uniform temperature 
throQghout and all parts cooled at the same rate. While such heat- 
ing and cooling can probably never be attained in practice, they can 
be nearly enough approximated to warrant the above assumption. 
If cooled unevenly, the greatest tension will be at the place cooled 
last. 

The following notation will be used for shrinkage and forced 
fits: 

A = sectional area of ring, square inches; 
D = diameter of ring before heating, inches; 
i>, = diameter of ring after putting into place, inches; 
E=^ tensile modulus of elasticity of material of ring, pounds per 
square inch; 



* The Blanton Patent Fastening is used in tlie United States by Fraser & 
Chalmers of Chicago, who control its use on stamp-mills. (Statement from 
pamphlet iaaaed by the Blanton Patent Syndicate, Ltd., London.) 
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F^ force required to slip the ring from place, ponndB; 

P = total pressure between surfaces of ring and inner part» 

pounds; 
T = total tension in ring, pounds; 
h = radial thickness of ring, inches; 
p = unit pressure between surfaces of ring and inner member, 

pounds per square inch ; 
r = radius of ring, inches; 
t = unit tension in ring, pounds per square inch ; 
w = width of bearmg surface of ring, measured parallel to axis of 

bore, inches; 
// = coefficient of friction between surfaces bearing together. 

Remembering that E = (stress in pounds per square inch) -^ 
(elongation per inch of length), the two following equations may be 
written: 



t=^E 



D,-D 



T= At = AE 



D ' 
D 



(89) 



t • • • 



. (90) 



The equation for the unit pressure/? between the surfaces may 
be obtained by assuming that the ring is cut in two on a diametral 

c 



«sr(2d 




Fio. 118. 



plane, and one half considered as a free body with the forces neces- 
sary to hold it in equilibrium acting upon it, as shown in Fig. 118. 
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Then foiceB oooaskj first, of the two tensions T and T which the 
other half of the ring exerted when in place, and, second, of the 
clementiry forces normal to the inner surface of the ring and 
tuiifonnly distributed over it. T and T are both normal to the 
plane of the section of the ring. The forces acting normal to the 
iimer cylindrical sorface of the ring may be taken as haying a unit 
^Qe oip pounds jier square inch. 

Take an elementary portion ds of the circumference of the ring. 

I^e corresponding inner surface of the ring is teds. The total 

piBBBiue acting on this elementary area ispwds. This pressure may 

^ resolred into two components, parallel and perpendicular to T 

^d T, The one which is normal to T and T is annulled bv the 

equal and opposite component of the pressure acting on an equal 

^^ Bjmmetrically situated with regard to the median line OC. 

-tlis component may therefore be neglected. The other component, 

l^arallel to 7* and 7\ and acting in the opposite direction from them, 

^Qst be resisted by a portion of the tensile forces T'and 7^ acting at 

the ends of the half-ring. The value of this component is 

pw{ds) cos 0y in which d is the angle betweeu the median line 00 

and a radial line drawn to the elementary area tc{ds). The sum of 

the components parallel to T and T for all the elementary areas of 

the half -ring must equal 2T, since T and T are the forces which 

hold these components in equilibrium. Therefore 



fpwids) cos ^ = 2r 



Since r is the radius of the ring, and dd is the angle between 
the two radial lines drawn to the ends of the elementary length d^ 
of the circumference, ds = rdd. The last equation may therefore 
be written 



■f: 



pwr I cos 6de = 27; 
1 



which gives 



2pwr = 271 
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Transposing and substitnting the valae of 7, as given in equa- 
tion (90), gives 

p = ^ = ^:==AE^^.. . . . (91) 

^ wr wr Dwr 

The total pressure P between the surfaces bearing together is 

P = pwnD = =—^ = ^T7C = 2Atn. . (92) 

r 

The force F necessary to slip the ring laterally along the surface 
against which it presses is 

F = ^P = ^fxTn z=z 2MAt7r (93) 

Example. — If a steel ring 4 inches wide, 0.7 of an inch thick 
radially, and GO inches in diameter before putting in place, is shrank 
or forced on another part which increases its diameter .06 of an 
inch, the tension per square inch is, by equation (89), putting 
U = 30,000,000, 

t = 30,000,000 '-^ = 30000 lbs. per sq. in. 

The total tension is, by equation (90), 

T='- At = {^ X 0.7)30000 = 84000 lbs. 

The pressure per square inch between the cylindrical surfaces 
is, by equation (91), 

T 84000 ^^^,, 

p = — = -J iTT. = 700 lbs. per sq. in. 

^ wr 4 X 30 1 M 

The total pressure between the bearing surfaces, determined by 
equation (92), is 

P = 2T7r = 2 X 84000;r = 527780 pounds. 

The force required to slip the ring laterally, taking /i = .15, is, 
by equation (93), 

F = A5 X 527780 = 79170 pounds 
= 19.6 tons (about). 

91. Shrinkage and forced fits for thick rings and heavy parts. 

—When the ring or outer member is very thick or heavy, the 
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material in it is not subjected to even an approximately nniform 
stress when two parts are shrunk or forced together. The layers 
near the smaller diameter of the outer member are put into greater 
tensioa than those more remote, on account of the elasticity of the 
material and the supporting action of each successive annular layer 
gainst the one inside of it. On account of this uneven distribu- 
tion of stress, it is not probable that any mathematical formula can 
be deduced that is of suflBcient practical value for very thick pieces 
to warrant its adoption. This applies to such a member as a crank 
shrank or forced on its shaft, or having a pin forced or shrunk 
into it. 

Again, when a heavy part is shrunk or forced over another, the 
great pressure exerted on the inner piece decreases the diameter of 
the latter on account of its elasticity. This has been perceptibly 
shown when the steel tires are shrunk on locomotive drive- wheel 
<5eiitre8. The increase of diameter of the tire, due to putting it in 
pJace, is less than the difference between the bore of the tire and 
the outer diameter of the wheel centre before putting the tire on. 
The extent of the reduction of the inner part depends upon the 
form and strength of the parts. It is therefore a quantity that 
<5annot well be introduced into a formula, except empirically. 

92. Allowance for shrinkage and forced fits. — For locomotive 
drive-wheels and steel-tired car-wheels, the bore of the tire is quite 
commonly made .001 of the diameter smaller than the wheel centre. 
The Mid vale Steel Co. makes a greater difference of diameter than 
this, their rale being to bore the tire ^^jf of the nominal diameter 
smaller than the wheel centre. 

The collection of data. Tables XXVIII, XXIX, XXX, and 
XXXI,* shows the practice of several machine-builders in allowing 
for shrinkage and forced fits. The force necessary to press the 
parts together is given in nearly all cases. 

It is the practice of some leading concerns to slightly taper the 
parts that are forced together. This obviates the necessity of slowly 
forcing the parts together throughout the entire length of the bore, 
and reduces the liability to abrasion and cutting between the sur- 
faces. The parts are readily separated, since they become loose 



♦ Taken from Machinery, May, 1897. 
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when given a Bmall relative lateral moTement. The difficulty of 
Becnring tapers accnrately the same on both parts is, of course, 
detrimental to their general application. 

Table XXXII indicates the practice of the Chicago, Milwaakee, 
and St. Paal Railway in the Milwaukee shops, for both taper and 
cylindrical fits. 

Table XXVIII.* 

EXTRACT FEOM LAKE A BODLEY CO.'S BECOBD BOOK OS 
FORCED FITS. 



No. 


il 

i 


J 


li 


)t 


1 


1 


If 


1, 

1°' 


it 


1 


1 


1.8TS8 


0.I3S 


1.8767 


.0031 


.ooi-; 


86 


16.7 


3 


10 


20 


2 


1.9819 


6.135 


1.877 


.0043 


.0033 


88 


18.7 


3 


15 


28 


8 


1.9774 


4.375 


1.8764 


.001 


.00053 


24.4 


13.7 


.5 


1 


1 


4 


2.7455 


4.r> 


3.7387 


.0068 


.00347 


88.7 


26.5 


3 


13 


35 


6 


3.7465 


4.6 


2.7437 


.0028 


.001 


88.7 


26.6 


5 


13 


23 


8 


8.261 


5 


8.3543 


.0068 


.0031 


51 


41.6 


6 


20 


4S 


7 


B.362fi 


5 


8 3565 


.007 


.003 


61 


41.5 


5 


15 


30 


6 


8.367 


5 


3.361 


.006 


.0018 


61 


41.5 


S 


15 


20 


9 


4.3505 


6. 


4.3403 


.0103 


.0034 


79-8 


86.1 


5 


23 


44 


10 


4.3388 


6,635 


4.2478 


,0091 


.0031 


78,1 


B3,4 


13 


80 


60 


ill 


4.3303 


6.S 


4.33:>4 


.0079 


.0019 


95,8 


91. 


10 


60 


136 


13 


5.S34S 


4.0635 


5.9316 


.0137 


.0022 


75,7 


113.2 


6 


16 


35 


13 


5.S38I 


4. 


5.9353 


.0139 


.0033 


74.4 


110.4 


3 


18 


86 


U 


5.9394 


1.13.'; 


I.OIM 


.01 


.0017 


76.7 


118.8 


5 


15 


25 


IS 


6.8839 


5.123 


6.8697 


.0133 


.003 


110.7 


190.1 


8 


20 


43 


16 


8.880 


5. 


6.8785 .0105 


.0015 


108. 


18 .9 


5 


33 


45 


IT 


0.8e03 


4.875 


6.855 ' .0143 


.0031 


104.8 


1N0.4 


6 


35 


66 


IB 


7.8684 


5.S 


7.873 


.0154 


.003 


136.9 


367.3 


6 


33 


«4 


19 


7.8715 


6.5 


7.8575 


.014 


.0018 


160.5 


315.9 


5 


26 


60 


20 


7,H62 


5.625 7.846 


.016 


.008 


138.8 


272,8 


8 


40 


80 


31 


8.B34 


6.135 8.B05 


.010 


.0031 


170.8 


378.9 


20 


45 


OS 


33 


8.9 


6.75 8.8848 


.0158 


.0017 


188.4 


419,9 


5 


47 


96 


33 


8.87S 


6.5 8.8669 


.0113 


.0018 


180.7 


401, 


10 


45 


93 



n ilatlUnnt, toI. ui., Ko. «, Umj, 18)7. 
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Table XXIX.* 

DATA FURNISHED BY C. 0. HEOOEM, SUPT. RUSSELL & CO., 

HASSILLON, OHIO. 

Allowance is for both press and shrinkage fits for steel cranks. 

FOR PRESS FITS — CAST-IRON CRANKS. 



Diameter of hole 


4 to 5 


inches. 


Allow .0090 inch 




5 •' 7J 




•• .0060 •' 




1\ " 9 




•• .0055 " 




10 •• 12 




•• .0050 •' 




12 " 16 




" .0040 " 




16 •• 18 




" .0080 " 


FOR SHRINK FITS — CAST-IRON 


CRANKS. 


Diameter of hole 


4 to 5 


inches. 


Allow .0045 inch 




5 ** 7J 




" .0080 •' 




7J ** 9 




" .0027 •' 




10 •* 12 




" .0025 •• 




12 " 16 




** .0020 " 




16 •* 18 




" .0015 •• 



Table XXX.* 

JROM DATA FURNISHED BY H. BOLLINCKX, BRUSSELS, BELGIUM. 



CRANK-PINS. 



Diameter, 
inches. 


LenRth, 
inches. 


Total 

Allowance, 

inches. 


Allowance 

per inch, 

inches. 


Total 
Pressure, 
pounds. 


2.2 

2.79 

3.145 


2.76 
8.78 
4.82 


.0089 
.0049 
.0058 


.0018 
.0018 
.0018 


48300 
49500 
55500 



LEYER-PINS. 



.865 


1.57 


.0028 


.0027 


6800 


1.1 


1.77 


.0025 


.0028 


6800 


1.18 


1.965 


.0027 


.0028 


6800 


1.875 


2.86 


.0081 


.0023 


9060 



CTLINDER-OASES. 




PISTONS. 



1.49 


4.82 


.0059 


.004 


87100 


1.46 


4.82 


.0059 


.004 


49500 


1.77 


4.76 


.0070 


.004 


55500 


2.24 


11.18 


.0089 


.0017 


61800 


2.68 


11.18 


.0089 


.0015 


74000 


2.95 


18.12 


.0049 


.0017 


118200 



* Taken from Machinery^ vol. iii., No. 0, May, 1807. 
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FORCED FITS. 



Table XXXII. 

PRACTICE OF CHICAGO, MILWAUKEE, AXD 
ST. PAUL RAILWAY. 



Parallel-rod crank- 
pin* 

Uaiii craDk-pins*. . . . 

Engine driving-axles 

Engine truck-axle. . . 
Car-axles 



Diameter 

at larfre end, 

iDches. 



1 
I 



411 

4 

H 



Approximate 
leDgtli, inches. 



6i 

6 
6 
6 

I* 

7 
7 to 9 J 



Taper = 

variation of 

diameter per 

foot of length. 



! 



1/82 

1/32 
1/82 
1/82 

none 

none 
1/16 



Pressure to force 

parts together, 

tons. 



I 



20 

25 

80 

85 

60to80;t 

80 preferred 

80 to 40; 

25 will bold. 

40 1 



* End riveted over after forcing into place. 

t If only 80 tons is used, more care is taken in fitting key. 

t Only slight variations from this amount allowed. 



CHAPTER VIII. 

AXLES, SHAFTING. AND POSITIVE SHAFT- COUPLINGS. 

93. Notation. — The following notation is used in the formulas 
for the strength and deflection of shafting: 

D = diameter of round shaft, or width of side of square shaft, 

inches; 
E* = shearing modulus of elasticity of material of shaf t, used 

for torsion, pounds per square inch; 
Et = tensile modulus of elasticity of material of shaft, pounds 
per square inch ; 
I = moment of inertia of cross-section of shaft about a gravity 

axis in the plane of the section, biquadratic inches; 
J = polar moment of inertia of cross-section of shaft, biquadratic 

inches ; 
L = length of shaft, inches; 
ifj, = bending moment, inch-pounds; 
Mt = twisting moment, inch-pounds ; 
{Mi,)t = ideal bending moment which would induce the same fibre- 
stress as the combined bending and twisting moments ; 
{Mt)t = ideal twisting moment which would induce the same fibre- 
stress as the combined bending and twisting moments ; 
P = turning force, pounds; 

Sb = section modulus of shaft for bending = 7 -^ r ; 
St = section modulus of shaft for torsion = JT -^ r ; 
W= bending force, pounds; 

c = distance from centre of shaft to most remote part of sec- 
tion, inches; 
d = diameter of bore in hollow shaft, inches; 
/ = fibre-stress in material of shaft due to bending, pounds per 

square inch ; 
I = length of lever-arm of turning force, inches; 

216 
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n = the ratio d -^ Z>; 

s = sheariug-stress in shaft due to turning force^ pounds per 

square inch; 
w = weight of shaft per inch of length, pounds; 
= angular deflection or twist of shaft in degrees = 57.29578 
X (angular deflection in radians). 



ROUND SHAFTING. 

94. TorsioiLal strength of round shafts. — ^When a shaft is used 
simply for transmitting power from one point to another^ there 
being no intermediate devices, such as gears or pulleys and belts, 
for receiving or delivering power, the torsional strength and angular 
deflection of the shaft are all that ordinarily need consideration. 
This assumes that the bearings of a horizontal shaft are near enough 
together to prevent excessive sagging or bending between them, 
and that a vertical shaft is supported by thrust-bearings so as to 
prevent excessive local end thrust or buckling. The angular de- 
flection or stiffness needs especial attention when steady running 
under a variable load is important. 

The relation between the turning moment M^ and shearing- 
stress « in a shaft is expressed by the equation 

M, = Fl = 8^. (94) 



For a solid round shaft J = -^^ and c = —. 

Substituting these values in the last equation, it becomes : 
For solid round shafts 



J/; = P/ = .1963«Z>", . . . . . (95) 



whence 



^=v/^'=\/'^' <-) 
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For a hollow round shaft J = — — ^ ^, and c = — as oe- 

fore. Equation (94) becomes, by substituting these values in it: 
For hollow round shafts 

if, = p;= .19635(/>' -d') (97) 

Putting d = nD in equation (97), and transposing, puts the 
equation into a convenient form to solve for D when the ratio n of 
the bore to the diameter is assumed. The equation thus becomes: 
For hollow round shafts 



^ = y (1 1 „.'), - yd 1 „•), (98) 

The slight weakening effect of removing the centre of a shaft 
is worthy of note. A shaft having an axial hole of a diameter 
d = ,^D through its centre has 1 — (.3)* = .973 of the torsional 
strength of a solid shaft of the same material; if (2 = .4Z>, the 
strengths are as .936 to 1; for e/ = .5Z>, the ratio is .875 to 1; 
and for d = .6/) the ratio is .784 to 1. 

The torsional strength of a hollow shaft having a bore half as 
largo in diameter as the shaft is 1 . 347 times that of a solid shaft of 
an equal sectional area (i.e., the same weight per linear foot) and 
of the same material. 

The above statements regarding the relative strength of solid 
and hollow shafting are based upon the assumption that the mate- 
rial in each is of the same strength. In shafts of the same sec- 
tional area, however, the material of the hollow-forged shaft can be 
made stronger than that of the solid one, because it can be worked 
more thoroughly under the hammer or forging-press. The ordi- 
nary nietliod of making a hollow forging is to cast the ingot solid 
and bore out the centre. This takes out the poorest material, 
which is always at the centre. Practically the same result is ob- 
tained when the piece is forged solid and the centre bored out 
afterwards. For forgings of very large diameter, the method of 
boring before forging is undoubtedly preferable. 

In modem practice a working shearing-strength as high as 
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12000 pounds per square inch is used for hollow-forged steel shaf ta 
for the screw-propellers of large vessels, etc. 

Example. — The turning force F^ applied at a distance / = 40 
inches from the centre of a shaft 15 inches in diameter when work- 
ing at a maximum shearing fihre-stress s = 9000 pounds per square 
inch, may be found by equation (95). By substituting the given 
Talnes in this equation, 

P X 40 = .1963 X 9000 X(15)S 
whence 

P = 149000 pounds. 

Sectional area of shaft = 176.71 square inches. 

Szample. — The diameter of a hollow shaft having a hole half 
M large as the shaft, to resist a turning force P = 149000 pounds, 
acting on a lever-arm of a length / = 40 inches, and working at a 
Maximum shearing fibre-stress of 9000 pounds per square inch, can 
l^ found by substituting in equation (98), thus obtaining 



/ 



149000X40 

= 15.68 inches. 



•]9000 



Sectional area of shaft = 144.84 square inches. 

The area of a solid shaft for the same strength, as shown in 
the preceding example, is 22 per cent greater than this. 

95. Twist of a shaft under torsional stress. — The relation be- 
tween the angle of twist and the turning moment acting on a solid 
round shaft is expressed by the following equation, which gives 6 
m degrees: 

e = 583.6^. = ^^^-^^^ C^^) 

For hollow shafts the same relation is expressed by the follow- 
ing equation, giving 6 in degrees : 
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The following equation of the relation between the shearing- 
stress per unit area and the twist is applicable to both solid and 
hollow round shafts: 

^ = 114.6^ degrees (101) 

Example. — The angular twist of a solid machine-steel shaft 15 
inches in diameter and 100 feet = 1200 inches long, when subjected 
to a turning force F=. 149000 pounds^ applied at a distance Z = 40 
inches from the centre, assuming that the modulus of elasticity for 
shearing E. = 12000000,* is by equation (99) 

^ ^ 149000 X 40 X 1200 _ 

^=583.6 12000000 X (16)- "" ^'^^ ' 

The data in this example, with the exception of the length of 
the shaft, are the same as used in the examples of the preceding 
section. The fibre-stress used in these examples ds 9000 pounds 
per square inch. Substituting this value of 8 in equation (101), and 
solving, gives 

_9000XJ1200^ _ 
^-^^^•^2000000X15-^-^^' 

which is, of course, the same as obtained by equation (99). 

The shaft, if working at a shearing-stress of 12000 pounds per 
square inch, would have a twist of 9.17° per 100 feet of length ; 
the vahie of the turning force for this stress would be P = 198700 
pounds. 

96. Bending-strength of round shafting. — A round shaft that 
is subjected to bending only, as when a horizontal rotating shaft 
supports a load that does not exert a twisting moment upon it, can 
be calculated for strength as if it were a beam, the working fibre- 
stress /being selected with due regard to the fact that the stress is 
repeated at every revolution. Each fibre is alternately put into 
tension and compression during every revolution of the shaft. The 
safe working stress cannot be taken so high, on this account, as is 

* Ea = 10000000 is more nearly correct for the materials generally used for 
line shafting in factories, etc. 
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permissible for a stationary beam supporting a static load. In the 
majority of cases the fibre-stress, as- determined by the required 
rigidity of the shaft, is lower than the safe working strength for 
repeated stress. 

The Talues of the maximum bending moment Jf^ acting on a 
round shaft when resisting a bending force W, applied according 
to the more common methods of loading, and for the weight of the 
shaft itself, are as follows : 

Load applied to projecting end at a distance L from supporting 
bearing (cantilever), 

Mf, = WL (102) 

Load applied midway between two end supports, 

i^»=^. (103) 

Load applied between two supports at distances a and b respect- 
ively from them {a + b = L), 

,, Wah i^r^s\ 

Ml, = -^ (104) 

Two equal loads applied, each at the same distance a from the 
end nearest it, 

M^-Wa (105) 

Bending moment due to weight of horizontal projecting shaft 
(cantilever), length of projection = L, 

i/* = ^' (106) 

Bending moment due to weight of shaft, end supports, 

M, = ~ (107) 

The relation between the bending moment if^ , tensile or com- 
pressive fibre-stress/, and the diameter of the shaft is given by the 
following four equations: 
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For solid round shafts, 

M^ = M2»fD'; (108) 

D = %.U^VfM^. (109) 

For hollow ronnd shafts, 

jl/; = . 0983/(2)' -d'); .... (110) 



'</-/% 



2> = 2.168//,- —t (HI) 



The actual point of support of a shaft is frequently difficult to 
decide upon. If the bearings are self-aligning, the point of sup- 
port may be taken in the plane, perpendicular to the shaft, con- 
taining the point about which the bearing-sleeve swivels; this is 
generally at the middle of the sleeve. When a bearing is rigidly 
supported, however, the point of pressure against the shaft may be 
near one end of the box at the time the shaft is subjected to the 
greatest bending moment. This applies to a shaft working under 
a varying bending force, as the crank-shaft of a steam-engine. 

A long, tight-fitting hub, as of a fly-wheel supported on a 
horizontal shaft, prevents the shaft from bending where it ia 
encircled by the hub. If the shaft is of the same cross-section 
throughout, the maximum fibre-stress in it will be at the end of 
the hub. While this shortens the lever-arm of the bending force 
and reduces the maximum fibre-stress to a lower value than if the 
load were (theoretically) applied at the middle of the hub, it also 
localizes the strain at the ends of the hub, and thus increases the 
liability to rupture, on account of fatigue of the metal, by the 
ropetition of stress due to the rotation of the parts. Probably the 
best way of reducing the liability to fracture at the end of the hub 
is to enlarge the shaft where the hub is placed upon it, joining the 
enlargement to the smaller part by a fillet of as large a radius as 
can be convonientlv used. 

It is assumed in the above discussion that the centre of the hub 
contains the centre of gravity of the fly-wheel. 

In practice it has been found that shafts and axles which tfe 



«il»jened to repeated stream and especially t^:* fibocks and ribra- 
tiaxiE, are more durable vben projMiTtionfid so tbai xbt- str^s and 
gtraiii are distributed over ibem vitb ai lensn aii approximate 
decree of unilormitT, and all rt^-entrani angleg well fiUeted, tbaii 
vbeii made of uniform fieciion tbrouirbont, or vitb sbarj* re- 
eiitnint grigrlpiR, 

1: m common practioe in car-axleE to make tbem fimaE in tbe 
middle in order tbal xbej may sjiring more readDy, and tbus 
rt'dnoe tbe Btrain upon tbe pani near ibe vb€«k and jouniak. 
Tbi^ it an application of tbe same princijjje iba: makes a liammer- 
liandlt more duiable vben reduced in srciion between tbe bead 
luid tbe part tbai is beld in tbe band. 

97. !Die literal flflflwrtiinii of ithajtrng cm aoconnt of its own 
wta^xi seldom needt consideration, txc5e]»t, jK>s5ibly, for tbe 
smaller sizeE. Tbe remedT for tbe excessire deflectiont^ is lo de- 
<!rease the distance between l»earinr^ or tc* increase tbe diameter of 
tbe fibflkft. Tbe same if generaDy true of deflectiont caused by a 
load or belt pulL 

Tbe amount of tbe deflection can Ik- calcnlkt(*d by tbe formula? 
•t^rdinarily given for beams, but sucb a calculation is a<:*jdom n(*eded. 

It fibould be remembered, bc>veTer, tbat a small sbaft bavinir 
BupportE ao far apart hUb to allow it tc* bend considerably may, wben 
rotatcjd at a higb speed, run on: of true u> a danxrerous t-xt^'Ut c»ii 
account of tbe oentrifupJ actioiL. Tbis is due^ not tf« tbe drfle^-- 
tion of tbe abaft, wbicb may lie considered only as a measurf of 
tbe liabHitT to excessive bendinr. but to tbe faci thut snc-li h sbafl 
wben Totatinir will not kee]» its- axis in exactly tbe sjono ]>osii}oii. 
As Boon ais tbe sbaft moves laterallv to tbe leiisi ext4.>nt, tl)e centrif- 

m 

upd actdan increases itf defection. 

9B. fiisft ralgected to both t^imfm and bending, general case. 

— Vhile tbis is tbe most common case xhux i< found in i^rjuiico 
witb fihafting, tbe experiments tbat bave l»e£»n madr with a xiiw lo 
establisbinir tbe formulas tbat iiave W^m develojHHi to moox n htc 
Terr few and meagre. i>f iill tbe formula? tbat have l»ot^n ]^n^ 
«ented br different writers tbe following two, iW2) ana ilK^u 
seem to be tbe most c^onvenient and oonvot. 

Tbe metbod adopted in tbei*e formulas is to I'.nd ik Ivndinc *">r 
torooiial moment equivalent to tbe actual momotit> artinc $imul> 
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taneously^ and design the shaft accordingly. The shaft must^ of 
course, be designed to resist the moment which has the greatest 
tendency to break ifc. 

The value of the ideal or equivalent bending moment {Jff)^ 
which will produce the same tensile or compressive fibre-stress in 
the material as the combined bending and twisting moments, J/^ 
and M , is expressed by the equation 



(M,), = IM, + iVM,* + M," (112) 

And the value of the ideal torsional moment which will cause 
the same shearing-stress in the material as the combined bending 
and torsional moments is shown in the formula 



{M,), = iM, + VM,' + M^ (113) 



Solid Round Shafts. 

99. Solid round shafts subjected to more than one force. — The 

value of the resisting moment required to withstand the ideal bend- 
ing moment {Mt)i of equation (112) is expressed by the formula, 
for a solid round shaft, 

w)r = '|P <"*> 

By substituting this value of {M^i in equation (112) it reduces 
to equation (115). 

For a solid round shaft : 



whence 



fD' = 6.366[.6if5 + VJf," + ^t*]f . . (115) 



D' = ^[.6if, + VW+~M;'] . . . (116) 



and 



f=-^ieM, + VM,* + M:]. . . (117) 
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The value of the resisting moment required to withstand t])e 
ideal twisting moment (i/^)< of equation (113) is, for a solid round 
shaft, 

W' = ^' (118) 

Substituting this value of (i/i), in equation (113), it becomes, 
by a slight reduction, 

For a solid round shaft: 



«2>' = 5.093[.63/e, + ^M^ + M^\ . . . (119) 
whence 



5.093. 



and 



/)" = ^^^^— [.eif, + VJ/e,' + i/,'] . , . (120) 
s 



« = ^^[.Gilfe, + ^M;^ + M^\ . . . (121) 



In equations (115) to (121) the bracketed quantities are iden- 
tical. In (119) the exponent 5.093 is 0.8 that of (115); therefore, 
if the shearing-strength of the material is taken as 0.8 of the ten- 
sile strength, which is very commonly done for iron and steel, the 
same value will be obtained for />* by both equation (116) and (120.) 
Hence either one of these equations may be used for determining 
D when s = .8/. 

If the shearing-strength is taken greater than .8 of the tensile 
(i.e., 8 > .8/), then equation (116) should be used for finding D; 
but if the shearing-strength is taken as less than .8 of the tensile, 
(i.e., 8 < .8/), equation (120) should be used. 

Example. — Suppose that the belt whose sectional area is deter- 
mined in the example in §41 is to run on a pulley 5 feet in diam- 
eter, whose shaft is supported by bearings on both sides of the 
pulley, one at a distance of 5 feet and the other 3 feet from the 
centre of the pulley-hub; also that all the power is to be trans- 
mitted in one direction through the shafting leading from the 
pulley. What should be the diameter of the shaft for working 
strengths of 12000 pounds per square inch tensile, and 10000 
pounds per square inch shearing ? 
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The Yalues of the turning force P and the belt-tensions T^ and 
Toy as determined in the example in § 41, are: 

P = 1467 pounds; 
T^ = 2960 pounds; 
To = 1493 pounds. 

The torsional moment M^ that the shaft must resist is 

Mt = PI = 1467 X (2.5 X 12) = 44010 inch-pounds; 

and the bending force W that the shaft must resist is the resultant 
of T; and T^, which act at an angle of (180° - 160**) = 20° with 
each other. This resultant is 43G0 pounds. (The difference between 
this resultant and the sum of tlie two belt-tensions {7\ -|~ ^o) = 
4453 is so small comparatively as not to need consideration in gen- 
eral practice. The sum of the belt-^onsions would ordinarily be 
used for so small an angle between the two stretches of belt. The 
actual resultant will be used, however, in the following calcula- 
tions.) 

The bending moment Mb which the shaft must resist is, ac- 
cording to equation (104), 

= 43_60(3_X_12)(5_X 12) ^ ^^^^ i.eh-pounds. 

^ 8 X 12 ^ 

Since the ratio (10000 : 12000) is greater than .8, equation (116), 
involving the tensile strength of the material, must be used, whence 

/>' = ^^ll^ X 98100 + ^(98100)* + (44010)-]; 
2) = 4.45 inches. 

100. Overhanging solid round crank-shafts and other overhang- 
ing shafts acted on by a single rotative force. — When a single rota- 
tive force J* h applied to an overhanging shaft, the equations of 
turning and resisting moments take a simpler form than those in 
g 99. This is due to the fact that both the bending moment M^ 
and the twisting' moment Jf, are due to the same torsional force P, 
instead of dillerent forces. In this case Mf, = PL and ifj = PL 
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Substituting these values of Mj, and J/i in equation (116), it 
reduces to— 

For a solid round shaft : 



2>' = 6.366y[.6i; + i/Z' 4- /;] ; . . . (122) 



/=6.366^,[.6i + 4/i" + n; • • • (123) 



p ^ f^ . (124) 

and similarly for the shearing-stress equation (120) reduces to — 
For a solid round shaft : 



D' = 5.093^[.6Z + VlF+f] ; . . . (125) 
s 



8 = 5.093^,[.6Z + Vr + r-J ; ... (126) 



sD* 
P = , (127) 

6.093[.6Z+ yZ' +n 

Example. — An overhanging crank-shaft is to be designed to 
drive a piston 35 inches in diameter against a constant pressure of 
60 lbs. per sq. in. The following dimensions are also fixed : length 
of stroke, 40 inches; length of connecting-rod 6 feet; *' overhang" 
of crank 15 inches, measured from middle of crank-pin to a point 
3 inches back from the front of the crank-shaft bearing; tensile 
stress in material of shaft not to exceed 12000 lbs. per sq. in.; 
ghearing-stress not to exceed 10000 lbs. per sq. in. The speed is to 
be so slow that the inertia of the moving parts need not be considered. 

Since the limiting shearing-stress is greater than .8 of the ten- 
sile stress, the diameter of the shaft can be determined by equation 
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(122). The values of the quantities entering into this equation 
for this particular case are : 

p _ 5(M!eO = 67726.6 pounds; 

i = 15 inches; 
? = 20 inches; 
/ = 12000 lbs. per sq. in. 
Therefore 



D' = 6.366HW[.6 X 15 + i/(15)" + (20)'] 
= 1041 ; 

whence 

D = 10.13 inches. 

Hollow Round Shafts. 

101. The equations for hollow round shafts are similar to 
those for solid ones and may be written directly from them. The 
more important ones are given below for convenience of reference. 

102. Hollow round shafts acted on by more than one force. 

For tensile fibre-stress : 



6.366 



^' = 7{r^)t-^^^ + ^^^^^"^' • • (^^^^ 



/ = J4^.[.6if, + VM,^ + ife'J. . . • (129) 



For shearing fibre-stress: 



D' = j^^A.m^ + VWTm^V, ' . (130) 



1 
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5.093 



s = jr>» _ ^» [.6if, + VW+Mi']. . . . (131) 

103. Oyerhanging hollow round shafts acted on by a single 
^^^niijig force. Crank-shafts, etc. 
For tensile fibre-stress : 

^, 6.366P , 

^ = /(l-n') ['^^+^-^' + n; > . . . (132) 

6.366P , 

/ = j^. _ ^ [.6Z + Vi" + ;"]; .... (133) 



P = -^^^^ - 'P ...... (134) 

6.366[.6Z +VL* + P] 

Per shearing fibre-stress : 

5.093P 



^"=^^n^t-^'^+*^^'+^^'- • • • ^^^^^ 



5.093P 



P= ^(^' - ^7 (137) 

6.093[.6Z' + VL' +r] 

104. Experimentally determined values of the breaking tensile 
stress of round shafting subjected to combined bending and torsion. 
— Professor Oaetano Lanza made a series of experiments on shaft- 
ing subjected to both bending and torsion while rotating.* Some 
of the values obtained by him are given in Table XXXIII. They 
represent the breaking stress by fatigue of the metal, but not the 
static strength. 

* Trmns. Amer. Soc. Mech. Eng., . ol. vni., 1887, p. 180. 
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Table XXXIII.* 

BEEAKINO-STRENGTH OF SHAlTlNfl SUBJECTED TO COMBINED 
BENDING ANn TWISTING. 



nfsuSn. 






MftK. BpDdlnB 


Muc Twisting 


/ 












Indies. 












1.25 


7.040 


11.717 


11,514.1 


3,936.4 


63.168 


1.25 


88.83B 


8.181 


10.807,6 


2.656.8 


55,876 


1.25 


31.641 


5.391 


9.8B1.0 


1,714.6 


53,063 


1.25 


108,002 


4. SSI 


9,241.7 


1.89U.3 


48.539 


1.25 


80,6B4 


6.278 


9.-i41 .7 


3,037,6 


48.911 


1.85 


39,333 


6.343 


8,817.1 


2,028.3 


47.345 


1.25 


83.741 


6.383 




3,029.7 


47,346 


1.25 


108.739 


6.193 


8,592.5 


2,081.6 


45,582 


1.2S 


88.808 


6.338 


8,367.8 


3.026.8 


48,914 


1 


185.338 


6.383 


3,781.6 


2,039.7 


41.788 



• Taken from Tnu 



a, Sodfll; Ueobknlcol Engine 



Siunplea of the shafting tested for combined stress were also 
tested for static tensile strength. The results are given in Table 
XXXIV. 

Table XXXIV. 

BTATIC TENSILE STRENGTH OF SHAFTING. 

Refers to ghattiog represeutcd iii Table XXXIII. 

Bn-alilnE Tensile StrengUi, 

I 25"<linm JNo. 1 46.800 

1.25 dia(n.Jjj^ 3 ^^gg, 



Ayerago 48.333 

1 (llam.Jjj^ 3 gjgjg 

Average,. 60,250 

105. Practioally determined formulas for ronnd shafting. — 

There arc many cases in practice where the reliitiona between tho 
torsional and bonding momenta, or even the value of either, cannot 
be estimated with much accuracy. To meet such conditions, for- 
mulas have been devised to accord with transmission -machinery that 
has given satisfactory service. These formulas are given in many 
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hand-books and ireanKS cnii iiC'T^r :7ai^?z:lfie:':r. Ti^T zz.hT ik 
found in Kenc'i M€icLai.:ciil Ei.r:!ieTri" Po-k^-^-V-ick. v-rt'lier iriiL 
tables for dilEereLt Ep^fi^, ^*^.. 'j^vulh'^i Irc:^ :le fcrrLv/^kft, 

SHAFIS OF 5T1I1IETE:CaL =I>CT:Oy-r CTHZE TH^K LCrXI'. 

MM. Shafts of anT s-Hcrior. ^-.--.Itr :LhZi rt'-Ji^i j»rr s^ldc-n. li^fd in 
machine co&fTrcc-iioi.. >!iiV-: :L*:t ir<r &C'iLr:-iLft -sei. L-.veTer. 
the method of dtterxLJT-ii-i: :}-<::.' e'.rtiir**^ ''.'-' c-^.-^i.li-'i^i frress vil] 
be pointed ot::. 

In order to obiaiL iLe ♦^.ufctioi. of g:rt^r:i: of li^t form of sec- 
tion, it is olIt ii*i«fcS4irT :o euvr:.:-'^ The ^t•^*^::I:i: ii.oiije::: t-f liir 
shaft agaixisi beii'iij-^' for :Lit i-lr-il lit^J!i-i' n-'.-mtLt i-V, i. in t-cv.b- 
tion (11.). or it< ret:?:::.^' uaotLei: h;^a::--: :or?k'L for :iit iitfal Tvr- 
sional momezji iJ/t . i:- *^j*.ij»::ol i11o». ^.i-d BC-iTr jit for roiiiiJ 
ehaf^ afi*r viukiiki: \\i^ "ub^T^TUTioL. 

Callii4g/ iLe irork.L^' ?:rrLr*^l. of iLe nih^tri^^l for Tensile o: 
compressiou streBfe, and .S, iLt &^.-!ioL iL.O'ii;:u5 of ::if ^LafT fur re- 
sisting bendiiig, the foIiOw:Lg*":;i;ii:i'.»L may lie vr:::eL: 

i^v... =/>;: (ir»iij 

and, similarlT. call i up # the vorkii.i: E-LeuriT.L'-sTrer.iTTii c-f ibe ma- 
terial, and *Si the Be'.-iioL mO'ii;iict of :Le .-i.af: for rtiir.:i.z :or!;u»^. 

The Talnes giTen in tliese tw*.- fi;uaTio!i? ar»- ";":if onr? :o tn- sn^.^ 
stitnied in efjuaiion MVJi c-r H^Ii :^ t^rit-r :o ■•''::i:i; euuaiioiis oi 
the same general iiature ae ( 11 o ). < ! 1 * '• >. uijlI i ] 1 7 l 

POSITIVE cc^rriiw,- roi: ^iiMTfv. 

107. Kigid shaft-couplings. — AVin'i. ti,. nllowuTiot i? :o l»o made 
for lack of ali:rTiiii**T:t of :iie '.•(•!: iifcteil ^}lIlf:^. u rii'ltl t'i»ii]>liTir is 
ooDunonlv used. 

The most common form of rijrid ('oin»liiii: for lanrr shafts ip a 
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pair of flanged hubs or collars. The hnb of each is solid and bo 
to a diameter to fit the shaft, to which it is generally keyed. Th 
flanges are bolted together after patting in place. The shafts .ii 
generally brought into line either by allowing one shaft to ente 
into the bore of the half coupling on the other, by a shonlder on one - 
flange fitting into a corresponding recess in the other, or by making 
an accurate fit of the bolts in the flanges. Other less common 
methods are also used. 

For the medium and smaller sizes of shafting used for power 
transmission, couplings bored to a slightly smaller diameter than 
that of the shaft, and split longitudinally, either upon one side or 
both, are very commonly used. 

A very simple form of split-sleeve coupling is shown in Fig. 119. 
It consists of a sleeve bored to the same diameter from end to end, 



Fig. 119. 



and given a slight conical taper toward each end on the outside. 
It is either split longitudinally down one side, or cut completely in 
two longitudinally, so as to form two halves. When used, it is 
placed upon the two sections of shafting, which are brought to- 
gether, and then a ring, bored to the same taper as the outside of 
tlie sleeve, is either driven or shrunk upon each end of the coup- 
ling, thus causing it to grip the shafts tightly. When the torsional 
force to be transmitted is small, the coupling may be used without 
a key, but for heavy work a key is generally used after the manner 
common to solid couplings. 

It can readily be seen that a split-sleeve coupling of much the 
same nature sis the above one can be made by using bolts, instead of 
the rings, to clamp the two halves together. 

A largely used form of coupling, commonly known as Seller's 
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roopling, consists of an outer sleeve, bored at each end with a coni- 
cal hole to receive a bashiogwith a corresponding taper on the ont- 
side. The bashing has a bore slightly smaller than the shaft. 
^It8, extending from end to end through the sleeve, serve to draw 
the two conical bushings towards each other, and thus cause them 
to grip the shaft. These holla also serve as keys to prevent the 
*^tation of the bushings in the outer sleeve. Keys may be nsed or 
»ot between the shaft and bushing, according to the nature of the 
■*«-«rk. 

108. Flexible shaft-conplii^i. — When there is a probability 
'^bat there will be a slight relative movement of the shafts coupled 
together, as in the case of the shafts of a dynamo and engine resting 
^^D separate foundations and direct-connected together, it is necessary 
t4) have a coupling which will adjust itself to the slight throwing 
vut of alignment of the shafts that occurs under Bitch conditions. 

The conpling Fig. ISO has been successfully applied for mod- 
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erate amounts of power transmitted. It consists of a pair of disks 
very similar to those of the rigid coupling, but instead of being held 
firmly together by bolts they are separated as shown, and eacli has 
a number of strong pins projecting from it so as to almost touch 
the other. The other disk has the eame numtior of pins. The pins 
are spaced uniformly around both flanges near thoir perlphuries. 
Each pin of one flange is connected to one of the other by a short 
link of some elastic material, as rubber or leather. As one flange 
rotates it draws the other after it by means of the connecting-links, 
whose elasticity allows them to adjust themselves to tlie lack of 
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alignment of the shafts. The links can be made longer or Eborter 
than shown in the figure if desired. 

Anotlier Sezible coupling, which allows the shafts to have bend- 
ing motion relatively to each other, but does not allow lateral motion, 
ia shown in Fig. 121.* It consists of alarge flange upon one of the 
shaft-ends to be coupled, and a small one upon the other. The two 
flanges are connected together by a waaher-shaped riog, which ma; 
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be made by cutting it from sheet metal, the outer diameter beiDg^ 
made much larger than the inner. Thia flat ring, being of an elas- 
tic material, allows a slight bending motion of the shaft as statod 
without injury to the parts. f 

109. Positive olutch-couplings are often used for connecting 
parts of machinery which are to be disengaged at times. The moat 
common form consists of two parts resembling, in a manner, the 
halves of the coupling shown in Fig. 120, but having projecting 
teeth or jaws instead of pins. These jaws are made so that the; 
will engiige with esich other for transmitting rotative motion. The 
cou])ling is generally disengaged by slipping one of ita halves along 
the shaft so as to separate the jaws. 

• Trans. Amer. Soc. MecL. Eag., vol. vn,, p. 526. 

t For Oldham's and IIooke'suDiTeraal couplings see Parti, of HachiDS De- 
sign. 



CHAPTER IX. 

FRICTIONCOUPLINGS AND BRAKES. 

110. In the operation of machinery it is often desirable to start 
and stop some part which receives its motion from a constantly 
running driver, or to bring two parts into engagement without 
changing their relative positions. For this purpose ''friction- 
couplings" are used almost universally. Such a coupling trans- 
mits power by means of two smooth surfaces, held together with 
sufficient pressure to make their frictional resistance to slipping 
great enough to produce the required transmission of power. 

The friction-brake, for retarding the motion of a part, is 
practically the reverse of the friction-coupling, so far as its general 
principle is concerned, but differs from it in that there is generally 
much more rubbing between the surfaces, and consequently the 
materials must be selected with more attention to their qualities of 
not abrading and cutting. This applies to brakes such as are 
used on hoisting-machinery, but hardly to those for railway-wheels, 
etc., where the conditions are such that it is impossible to prevent 
abrasion on account of foreign matter getting between the rubbing 
surfaces. 

FRICnOX-COUPLIXGS 

111. Cone Mction-oouplings, consisting of two parts having 
conical surfaces, one external and the other internal, fitting 
together as in Fig. 122, are often used in machine construction, 
and especially in machine tools, for connecting the ends of two 
shafts, or for transmitting power from a shaft by means of a gear 
or other device attached to the part of the coupling which is free to 
rotate upon the shaft when the clutch is open, but is driven by the 
shaft when the two parts of the clutch are forced together. 

235 



i 



236 FORM, STRENGTH, AND PROPORTIONS OP PARTS. 

The notation in the equations for a cone friction-clutch is: 
Af = torsional moment transmitted through clutch; 
iV = total normal pressure between the conical surfaces of the 

clutch ; 
JP = turning force acting at a distance B from the centre of the 
shaft; 





Fro. 122. 

R = mean radius of conical surfaces; 

T= axial force acting to close the clutch; 

/3 = angle between the conical surfaces and the axis of shaft; the 

apex angle of the conical surfaces is therefore 2/3; 
/i = tan = coeflicient of friction between the conical surfaces; 
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<t> = angle of friction between the conical engaging surfaces of thj 
clutch. 

If the two parts of the coupling are forced together when 
they have no relative rotation, the pressure between the conical 
surfaces would make an angle with a normal to the surfaces, 
as indicated by the dotted lines in Fig. 122. This frictional 
resistance would hare to be taken into consideration if it were 
desired to set the clutch so that there would be no slip whatever 
between the parts at the time of closing or afterwards. But if 
the clutch is closed while one part is rotating relatively to the other^ 
or if a slight slip at the time of throwing on the load is not objec- 
tionable, it is not necessary to consider the angle of friction when 
determining the axial force T required for closing it. A slight slip 
at the time of closing is almost invariably, probably always, allow- 
able. Of the following equations, the ones not including are 
therefore applicable to cone friction-clutches in nearly all cases. 

For cone friction-clutches closed while having a rotative slip 
between the engaging surfaces : 

N= Tcosec /5; (140) 

P = piN= piTcosec/5; (141) 

M = PB = M^B coBec /5 (142) 

For a cone friction-clutch closed without rotative slipping 
between the engaging surfaces : 

N= Tcosec (/5 + (/)); (143) 

P = ^N= MTco8ec{/3+(f>);. . . . (144) 

M=PB = ^TB cosec (/? + 0). . . . (145) 

112. Multiple-ring friction-ooupling. — When it is desirable to 
keep the size of the coupling small, especially in diameter, the 
form shown in Fig. 123 is applicable.* As illustrated, the outer 

* Weston friction-coapliiig used bj Yale & Towne Mfg. Co. on hoisting. 
maehineTj. 
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cylindrical sleeve A is fitted on tlie aliaft with a feather key, bo 
thftt it may slip along it. The hub B has n running fit ou the 
shaft, but is prevented from moving along it by u ahoulder. A 
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number of rings are placed between the sleeve and hub, each 
nato one engiiging with the sleeve by means of several projectiona 
on the latter corresponding to feather kej's. The remaining rings 
engage with the hub in a similar manner, tiy applying an axial 
force to press the sleeve toward tiie hub, Ji pressure, equal to the 
axial force, is induced upon each side of every ring. 
Putting, for multiple-ring friction-couplings: 
M= torsional moment transmitted through ooupling; 
P = turning force exerted; 
R = mean radius of rubbing surfaces of rings; 
7"= axial force exerte<i to press the sleeve toward the ringj 
H = number of pairs of rubbing surfaces in contact 
fi = coefficient of friction of the rubbing surfaces; 
then: 



P = nnT.. . . 
M= PIi = finTR. 



As represented in the figure, there are as many paire of nibbing 
surfaces as there are rings. This is not always true of such coup* 
UngB, however. 
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113. Material* and coefficient of friction for friction-couplings. 
— In machine toola aud the con iiter-a hafts for driviug them, unless 
they are exceptioDally large, the material of a cono friction-fouji- 
Jing 13 generally cast iron for both rubbing surfaces. When accu- 
rately ground together with a fine abrasive, as floiir-emery, the 
cast iron gives escellent satisfaction for this use. The coetlicieut 
of friction ^ mnat be taken with regard to whether the surfaces are 
oily or dry. Since there is nearly always a certainty of oil getting 
on them at some time, the value /< = 0. 15 is probably as high us it 
is safe to assume for cast iron on cast iron. 

When a friction-coupling is to perform heavy service with con- 
siderable slipping at the time of setting the machinery into motion, 
casi iron on wood or leather gives good aei'vice. The wood may be 
either set on end or with the grain parallel to tlic direction of 
rubbing. Any of the metals that run well together for jounial- 
bearings may be used if th^ coupling is kept cleiui and lubricated. 
Otherwise wood or leather rubbing against metal is safer. For 
dry wood on cast iron n may be taken from 0.16 to 0.18; for oily 
wood )i falls as low as 0.10. The value of /( for leather on cast 
iron does not seem to be well determined for such service as is re- 
quired for friction -clutches, but it can probably be taken as high 
as 0.20 for oily leather; it is much higher for dry leather. Leather 
ehould not be used where there is sufficient slipping to burn it. 

The best service for heavy work and hard usage seems to be 
obtained with wood rubbing on metal. In practice the latter is 
generally cast iron. 



FBI CTION-B RAKES. 

114. Strap brake. — A form of strap brake much used for 
hoisting-machinery is shown in Fig. 124. The brake-drum, 
whose centre is at 0, is partly encircled by a strap whose ends are 
attached to a lever for tightening it upon the drum. The strap 
may be made of any material, according to the requin-mcnls to he 
met. For heavy service on mine-hoists, a strap of Swedish wrought 
iron, lined with blocks of baeswood gilaced with the grain psmllol to 
the length of the strap, ia very commonly used. Experience has 
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shown that a steel strap is very liable to fracture under snch service, 
apparently on account of fatigue of the metal, caused by the re- 
peated application of stress due to tightening and loosening the 




Fig. 124. 



dnim, and to the almost incessant vibvations common to such 
service. Biisswood is selected because in it are combined both 
durability and uniform gripping power. For lighter seiTice, a 
wrought-iron strap is often used directly against the cast-iron brake- 
drum. This can be done successfully only where the rubbing sur- 
faces can be kept hibricated. 

The tensions T^ and To in the two free portions of the brake- 
strap between the drum and brake-lever, for a given force P re- 
sisting the rotation of the drum, and applied at the surface of the 
latter, may be found by the equations for belting. The value of z 
in these equations is zero for a brake-strap, since no centrifugal 
force due to its own weight acts upon it. 

Equations (39) to (43) are applicable to the solution. In 
these equations the coefficient of friction /i may be taken as 0.1 for 
wet or oilv surfaces of wood on cast iron, and from 0.16 to 0.18 for 
dry rubbing surfaces of the same materials. 

115. The Prony brake, Fig. 125. is a special form of strap 
bnike. Its almost universal application is as an absorbent dyna- 
mometer for tests of the i>ower developeil by motors. As shown in 
the figure, it consists of an iron strap A encircling a brake-drum 
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'whose centre is at 0. The strap is lined with wooden blocks which 
bear against the surface of the drum. The ends of the straps are 
held together by a bolt which affords a means of adjustment of 




Fig. 125. 



tension in the strap. The two members B and C each have one- 
end attached to the brake-strap, and are joined together so as to 
form a rigid arm. As the brake-drum rotates in the direction of 
the arrow, the tendency of this arm to rotate with it is resisted by 
a force Q acting against the end of the arm. 

If the two members of the brake-arm are attached to the strap 
at points diametrically opposite, so that each portion of the strap 
covers 180** of the dnim, and if Q acts vertically upward and is of a 
value equal to the portion of the weight of the brake that is sup- 
ported by the drum, then the following equations are applicable 
for determining the relation between the maximum tension T^ in 
the brake-strap and the force Q. It can be seen that these equa- 
tions are of the same nature as those for belting. The brake-strap 
corresponds to two portions of a belt having an arc of contact of 
180° upon the pulley. 

The notation for the Prony brake is: 
L = distance from centre of drum to line of action of Q (not nec- 
essarily the distance from the centre of the drum to the 
point of application of Q) ; 
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P = total frictional resistance at surface of brake-drum; 
Q = force applied at end of brake-arm to resist its rotation; 
R = radius of brake-drum; 
T= greatest tension in brake-band; 
6 = 2.71828; 
7t = 3.1416. 

By taking moments about Q 

PR = QL or P = ^Q (148) 

In accordance witli the equations for belting, taking into ac- 
count the fact that there is no centrifugal force acting on the 
brake-strap, 

P e**' P 10.00758fil80 

^ = 2 e'*' -i "^ 2 10.00758^180 _ 1' • • • (1-9) 
Whence, by substituting the value of P given in equation (148), 

27? e'*' -I" R 10.oot»?mT8o « i' • • \^^^f 

If the points of attachment of the two members of the brake- 
arm to the brake-strap are not diametrically opposite, it is hardly 
possible to get equations for the maximum tension in the strap that 
are of any practical value. If the material of the strap were totally 
inelastic, such equations might be deduced, but on account of its 
elasticity they cannot be. The equations just given may be applied 
with a fair degree of accuracy, however, when the arc between 
points of attachment does not differ greatly from 180*^, and if Q 
does not differ greatly from the portion of the weight of the brake 
supported by the drum. 

The coefficient of friction pi, and the materials for the Prony 
brake, may be taken the same as for the strap brake of the pre- 
ceding section. Since the service required of a Prony brake is 
seldom so trying as that of the strap brake for hoisting-machinery, 
it is generally not necessary to exercise so much care in selecting 
the materials. 



CHAPTER X. 

FLY-WHEELS AND PULLEYS. 

116. A fly-wheel, as commonly used in machine constmctiony 
is a rotating wheel which serves as a storehouse for energy. At 
certain periods during the operation of the machine the rotative 
speed of the fly-wheel is increased, thus increasing its store of 
kinetic energy, and at other periods the speed is decreased, the 
wheel thus returning or supplying energy to the machine. 

Examples of the application of fly-wheels are very common. 
Three cases may be cited, however, to point out different classes of 
service. 

In the ordinary double-acting steam-engine with a single 
cylinder the fly-wheel has its speed slightly increased twice during 
each revolution, and also slightly decreased twice during the same 
revolution, provided the average speed of rotation does not change 
during a series of successive revolutions. The function of the fly- 
wheel in this case is to prevent great fluctuation of speed during a 
single revolution, as well as to maintain an approximately uniform 
speed when the load against which the engine works varies 
suddenly. 

In a punching and shearing machine the fly-wheel receives a 
store of energy while being brought up to its normal speed. As 
the punch or shears are driven through the metal operated upon, 
the speed of the fly-wheel is decreased and a portion of its energy 
given up to perform the work upon the metal and to overcome 
frictional resistances. The time interval of working on the mate- 
rial punched or sheared, which corresponds to the period of reduc- 
tion of speed, is small in comparison with the time the machine is 
running idly. After punching the material the fly-wheel again 
receives energy while being brought back to its normal speed. 

In the Howell torpedo a fly-wheel is brought up to an 
exceedingly high speed. When the torpedo is launched into the 

d48 
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water, the kinetic energy stored in the wheel ia utilized to drive a 
screw propeller for forcing the torpedo through the water. The 
fiy-wheel gniil'.ially stops as it gives up itB energy. 

117. Determination of moment of inertia and kinetic energy of 
a webbed wheel.— -The total kiuetic energy, K.E., stored in a 
rotiiting fly-wheel is expressed by the equation 

K.E. = i(maBs) X (angular velocity)* X (mean radius of rotation), 

or 

K.E. = ^(moment of inertia) X (angular velocity)'. 

The form of fly-wheel that is most generally adopted has a rim 
of rectaugular cross-section with slightly rounded corners, a hub 
that ia approximately cylindrical, and arms tapering uniformly 
from the hub to the rim, growing smaller toward the rim; for 
small sizes of wheels a solid web is often used, the web generally 
being thinner at the rim thnu at the hub. 

The moment of inertia of awheel with uniforaily tapering arms 
can be found by reducing the arms to an equivalent weh. Thia 
reduction can bo made with an accuracy far within the limits 
required for ordinary practice, and the results obtained by this 
method of substituting a web for the arms are ordinarily more 
accurate than those obtained by dealing with the arms directly. 
(See § 120.) The method of finding the moment of inertia of a 
webbed wheel ot the form shown in Fig. 126 will therefore be given 




Fio. 126. 

as being more generally applicable than that for any other form of 

whwi. 

The notation for the equations applying to a webbed wheel is: 
E = energy given out by wheel for a given change of speed of 
rotation, foot-pounds; 
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/ = moment of inertia of entire wheel about its axis, foot* 

pound-seconds; 
iiab> -^web> and /rtm = momcut of inertia of the hub, web, and rim, 

respectively, foot-pound-seconds; 
.£. = total kinetic energy stored in the rotating wheel, foot* 

pounds; 
JV= 07 -T- 2 TT = revolutions per second; 
N^ = initial speed of rotation, revolutions per second; 
N^ = speed of rotation after slowing down, revolutions per 

second; 

B = -^ -^ = radial distance at which sides of web would 

intersect if extended, used for convenience only, feet; 
T = -^ = -^-^- — = length of axis intercepted between 

sides of web if extended to axis of wheel, used for con- 
venience only, feet; 

F = velocity, feet per second ; 

g = acceleration due to force of gravity = 32.2 feet per second 
per second ; 

p = tensile stress in rim due to rotation, pounds per square inch; 

r = mean radius of rim of wheel, feet; 

r, = radius of bore of hub, feet; 

r, = outer radius of hub = inner radius of web, feet; 

r, = outer radius of web = inner radius of rim, feet; 

r^ = outer radius of rim, feet; 

/, = thickness (or length) of hub, feet; 

f^ = thickness of web at inner edge, feet; 

t^ = thickness of web at outer edge, feet; 

i^ = thickness of rim measured parallel to axis of wheel, feet; 

w = weight of material, pounds per cubic foot; 

A = increase in radius of ring due to centrifugal action, feet; 

JT = 3.1416; 

G) = 2nN= velocity of rotation, radians per second; 

<«>, = initial speed of rotation, radians per second ; 

^, = speed of rotation after slowing down, radians per second. 
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The moments of inertia of the three parts, the hnb^ web^ and 
rim, are: 

Aub = ^(r/-r/); (161) 



•* web •"• 

g 
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/h« = ^V; - r.*) (153) 

The moment of inertia of the entire wheel is the snm of the /'a 
for all the parts; whence 

/=/bub+/wb+/rl» (154) 

The total kinetic energy E.E. stored in the wheel when rotat- 
ing at an angular velocity of w radians, or N revolutions, per 
second, is 

K.E.=ico'I=z27t*I^*L .... (165) 

The energy E transformed from kinetic energy into mechanical 
energy or heat, or both, wlien the speed of rotation of the fly-wheel 
drops from cw, to g?, radians, or from -Y, to -.V, revolutions, per sec- 
ond, is shown by the expression 

i; =i(<»/ -<»/)/= 2t*(3V- 37)/. • . (156) 

The same amount of mechanical energy E must, of course, be 
applied to the wheel to bring it back from X^ to JV, revolutions per 
second, friction neglected. 

Example. — It is required to find the kinetic energy E.E. at a 
speed of 300 revolutions per minute of a cast-iron fly-wheel of the 
form shown in Fig. 126 and having the following dimensions: 

/j = 6 in. = .5 ft, : r, = IJ in. = /^ ft.; 

/, = li in. = .125 ft; r, = 3 in. = .25 ft; 

I, = 1 in. = ^ ft; r, = 18 in. = 1.6 ft; 

<^ = 5 in.=A<t.; r, = 24 in. =2 ft 
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The weight of cast iron may be taken as 450 pounds per 
cubic foot. 

If the acceleration dne to force of gravity is taken as 32.2 feet 
per second per second^ then the units of measurement must be the 
foot, pounds and second. 

The moment of inertia of the three parts may first be de- 
termined. 

The moment of inertia of the hub is, by equation (151), 

^^-^ = 2 X 32.2 L^-^^)* " y J 
= 10. 97(. 0039062 - .0001174) 

= .0416. 

For the web equation (152) can be applied. In this equation 
the quantities T and R enter. T may be measured on the drawing 
with considerable accuracy, but the intersection of the lines deter- 
mining R is generally difficult to determine. The values of both 
will be calculated for this problem according to the equations given 
in the notation ; whence 

R = =-^^ ;j = 48 inches = 4 feet, 

lad 1 

and 

T = -To-— q- =1.6 inches = ^ foot. 

By substituting in equation (152) 

^ 2^-450x2 ^ (1.5)* -(.25)* _ (1.5)*- (.25)* ! 
^ 32.2 XlsL 4 5x4 J 

= 11.7 X .885 

= 10.4. 

And for the rim, by equation (153), 
= 100.3. 
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For the entire wheel the moment of inertia is therefore 

/=. 041 6 + 10.4 + 100.3 
= 110,74. 

It can be seen that the effect of the hub on the total moment of 
inertia is practically inappreciable, and may therefore be neglected 
in a wheel whose rim diameter and weight of rim are as great in 
proportion to the similar quantities for the hub as for the wheel 
just considered. 

The kinetic energy of the entire wheel when rotating at 300 
revolutions per minute is, according to equation (155), 

K.E.= 2 TT'iV^"/ 

= 27r'(3,V^)m0.74 
= 54648 foot-pounds. 

118. Problem. To design a fly-wheel for a given moment of 
inertia and according to a given form. — Let the required moment 
of inertia 1 = 300, the wheel to be similar to Fig. 126. 

Since the required wlieel is to be similar to the one considered 
in the preceding problem, it is only necessary to change the dimen- 
sions of the wheel, all in the same proportion, to such an extent as 
will give the required /—in other words, to apply such a scale to 
the drawing as will give the required /. 

The proportionate change of the dimensions can readily be de- 
termined by making use of the fact that the / of similar wheels is 
proportional to the fifth power of their linear dimensions. There- 
fore the linear dimensions of the wheel in the preceding example, 
which has an / = 110.74, must each be multiplied by 



Y 110 



''' =1.22 



110.74 



in order to obtain the required / = 300. 

This scale gives the outer radius of the rim 

r^ = 1.22 X 24 = 29.28 inches. 
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and the other dimensions must be increased in the same propor- 
tion. 

The above solution shows that when it is desired to design a 
wheel for a required / it can be done by making a drawing accord- 
ing to the form desired, considering it full size, and finding its / 
accordingly. The scale which must be applied to the drawing to 
obtain the required / can then be determined by dividing the re- 
quired / by the I of the drawing, considered full size, and extract- 
ing the fifth root of the quotient. 

119. Problem. To design a fly-wheel which will famish a given 
amount of energy for a given variation of speed. — Let it be re- 
quired that the wheel shall furnish 40000 foot-pounds of energy for 
a b% speed reduction, and that the full speed shall give the outer 
circumference of the rim a velocity of 4800 feet per minute. 

This problem can most readily be solved by making use of the 
fact that in similar wheels having the same circumferential linear 
velocity the kinetic energy is proportional to the Qubes of similar 
linear dimensions. 

For convenience it may be assumed that the form of wheel se- 
lected is that of Fig. 126, and that the proportions selected for the 
first trial are those of § 117. 

For the wheel considered in § 117, / = 110.74. When this wheel 
runs at a circumferential velocity of 4800 feet per minute, its an- 
gular velocity is 

4800 4800 ,^ .. 
^' ^ "eOr, "^ eiTx^ ^ radians per second. 

When the speed has dropped 5^, the angular velocity *is 

(w, = 40 — .05 X 40 = 38 radians per second. 

The energy given out by the wheel while slowing down 5f5 is, 
by equation (156), 

E = i[{iOy - (38)«]110.74 
= i X 156 X 110.74 
= 8638 foot-pounds. 
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In order to secure a fly- wheels similar to the one just considered^ 
which, when running at 4800 feet per minute circumferential 
speed, will furnish 40000 foot-pounds of energy for a 6fi reduction 
of speed, the proportions given in § 117 must all be multiplied by 
the same factor^ whose value is 



V 



40000 ^ ^ gggg ^ ^j ^^^^ 



8638 

The outer radius of the rim must therefore be 1.6668 X 2 = 
3.3336 feet, and the other dimensions must be increased in the same 
proportion. 

In the fly-wheel considered above, part of the energy given out by 
it during its reduction of speed is converted into heat on account of 
journal friction, etc. If the frictional resisting forces remain con- 
stant, the mechanical energy converted into heat while the speed is 
being checked is proportional to the number of revolutions made 
during the change of speed. If the speed of the wheel is checked 
by frictional resistance only, all of the energy given up by the 
change of speed is converted into heat. 

120. Moment of inertia of a fly-wheel with arms. — The / of the 
hub and rim can be found by equations (151) and (153), the numer- 
ical solution being similar to that in § 117. Only the method of 
dealing witli the arms will therefore be considered. It is assumed 
that the hub and rim have the form shown in Fig. 126. 

Suppose that the arms are sheared off from the hub and rim so 
as to leave the surfaces of the latter two parts smooth, and that the 
arms are flattened out to form a web which will just fit in between 
the hub and rim. The moment of inertia of the web will be prac- 
tically the Siime as that of the arms from which it was made, and the 
area of its outer edge will be the same as the total area of all the 
sheared outer ends of the arms ; the area of the inner edge will be equal 
to the total of all the sheared surfaces at the inner ends of the arms. 

If, in a pulley with arms: 
J, = total sheared area of the inner ends of the arms; 
A^ = total sheared area of the outer ends of the arms; 
/, = thickness of inner edge of equivalent web having the same 

area as the sheared area of all the inner ends of the arms; 
t^ = thickness of outer edge of equivalent web; 
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and the remainder of the notation is the same as for the webbed 
wheel. Fig. 126; then 

/. = H^ and t, = ^ (167) 

' 2Tr, • 2nr^ ^ ' 

As an example, let it be required to find the moment of inertia 
of six pulley-arms according to the following data: 

-4, = 80 square inches; 
^, = 48 square inches; 

r, = 11 inches (see Fig. 126) ; 

r, = 40 inches (see Fig. 126). 

By equation (157) 

t^ = s-^TT = 1.167 inches: 
• 27rll 



48 
U = T^ = -1909 inch. 

These are the values of t^ and ^„ according to Fig. 126, for the 
veb whose moment of inertia is the same as that of all the arms. 
The corresponding values of R and T are : 

The moment of inertia of all the arms is, therefore, by equation 
(152), using the values for the equivalent web, 

__ __ 27r450 X 1.524 r(40)^ - (l^V _ (40)* - (11)* "l 

7™. - Aeb - 32 2 X 12 L 4(12)* 5 X 45.73(12)*J 

-11 ... p545359 102238949 "] 
-11.151^ 82944 4741300 J 

= 11.151(30.688 - 21.666) 
= 11.151 X 9.122 
= 101.7. 



'arms 
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It is not generally convenient to obtain the areas of the sheared 
ends of the arms, since these ends are curved surfaces which are por- 
tions of cylindrical surfaces of radii equal to the distances from the 
centre of the pulley to the outside of the hub and inside of the rim. 
In any ordinary design the error is inappreciable when the area 
taken is that of a plane section of the arm at right angles to its 
length. 

Even if the arms taper uniformly from end to end, and the 
areas of the curved sheared surfaces are taken, there is a slight error 
in this method ; for if the arms were flattened out so that each 
particle remains at its original distance from the centre of the 
wlieel, the web thus formed will not have straight lines for its sides, 
as shown in Fig. 126, but the sides will be slightly concave. 

The greater the width of the arm in the direction of the wheel's 
rotation, the greater the curvature of the side of the web. In or- 
dinary wheel designs, however, this curvature is so slight as to be 
negligible. 

The two errors, one due to taking plane cross-sections of the 
arm, and the other to assuming that the equivalent web has straight 
lines bounding its axial section, are comj)ensative, instead of ac- 
cumulative. 

121. Stresses in fly-wheels with arms. — The stresses which 
occur in a fly-wheel of the onlinary design when in operation are 
so complicated that it is not believed they can be computed with 
even a practical degree of accuracy. The genei'al nature of the 
stresses may be shown in such a manner, however, as to be a guide 
to the designer when considering the methods of reducing them 
witli a view to decreasing the liability of the wheel to rupture on 
account of excessive speeil or sudden variation of speed. 

Fig. V27 is a portion of a built-up pulley. The hub is complete, 
but the ends of sections of the rim are not fastened. The pulley is 
represented Jis being under stress applied by a weight IT hanging 
from the end of an arm attached to the hub or shaft which sup- 
ports the wlieel. The wheel is prevented from rotating by cords or 
tension-bars attached to pins at J, By and C, extending out from 
both sides of the rim and having a cord attached to each end, the 
cords all having the same tension and pulling at right angles to the 
arms. 
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£ach arm acts as a cantilever to resist the bending action of the 
cords pulling on the pin near its end, and is accordingly bent or 
deflected as a cantilever. This bending makes the centre line of 




Pig. 127 

each arm convex on the side opposite that toward which the cords 
are pulling, assuming that the centre lines were straight before 
stress was applied, and the sections of the rims are consequently 
tipped forward so that their ends are slipped over each other as 
shown. 

Now suppose that, while the arms are still under stress due to 
the hanging weight W, the ends of the rim-sections are brought into 
line by radial forces Q applied near the ends of each section as 
shown. This will cause stress in the rim and arms. In the neigh- 
borhood of the angles E where the arms join the rim, the material 
will be in tension, whose maximum value will occur neai* B. The 
maximum value of this stress may occur in the arm or rim, accord- 
ing to their relative strengths. 

The material of each arm is in tension near the hub on the side 
opposite B on account of the pull of the cords. 

The bending of the arm shortens the radial distance from the 
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centre of the pulley to the outer end of the arm ; hence, when all 
the sections of the entire pulley have their ends brought into line, 
the rim will be drawn in somewhat at the end of each amn, and, 
instead of being circular, will be slightly wavy around its circum- 
ference. The effort of the rim to assume its circular form, assum- 
ing that this is the form when not under stress, will cause tension 
in the arm ; there will also be bending tensile stress in the rim near 
E on account of its being bent inward. 

If, instead of having cords attached to the pins in the rim of 
the stationary fly-wheel, it were started or stopped from rotating by 
power applied through its shaft, the inertia of the parts would in- 
duce stresses similar to those caused by the pull of the cord& A 
belt running on the rim and transmitting power to or from the 
shaft has much the same effect. 

In addition to the stresses corresponding to those caused by the 
pull of the cords on a stationary wheel, there are in a rotating 
wheel others due to the centrifugal tendency of the rotating parts. 
These stresses may be considered by dealing with the rim and arms 
separately. 

Wlien a ring, thin radially, of a mean radius r, rotates about its 
geometrical axis with a linear velocity of V feet per second, circum- 
ferential tension is induced in the material. The value of this 
stress p in pounds per square inch is expressed by the following 
equation, in which {to ~ 144) equals the weight of a piece of the 
material 1 inch square and 1 foot long: 

'"^ T'' = :^(oarY = r^(2;r3>)\ . . (158) 



^ WAg 144(7" ' 144^^ 

Equation (158) shows that the tensile stress in a thin rotating 
ring is proportional to the square of the linear velocity V, and that, 
if T' remains constant, the tensile stress is constant whatever the 
radius of the ring. 

The radius of the ring is increased on account of this stress by 
an amount A in feet given by equation (159), in which Et = ten- 
sile modulus of elasticity of the material : 

A = ^ (159) 
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If t.ho ring is thick radially, say 1 foot thick for SO feet of diu 
«tcr, the tnean radius (r, + r,) -9- 3 can be used without un e 
great onougli to require practical consid oration. 

For the arms equations of the same nature as (158) and (159) 
can bo written. They are probiibly of no practical value, liowever, 
80 they will bu omitted. The general nature of the effect of rota- 
lion upon the arms may be expressed, however, by the statement 
that, if a thin, prismatic bar is rotated about an axis at one end and 
normal to the length of the bar, the maximum tensile stress in the 
bar is one half as great aa in a ring having a radios eqnal to the 
leiigiJi of tJie bar ami rotating at the same augnJar velocity : the 
incrcaac of tho length of the bar is one third that of the increase of 
the raditts of the ring. 

Suppose that a ring of metal, corresponding to the rim of a fly- 
wheel, is placed on a horizontal table, and a " spider," correspond- 
ing to tho hub and radial arms, is placed in the ring, the arms Lo- 
iiig of such a length as to just fit in the ring withoat pressure 
against it. If the Uible is rotated about a vertical axis coincident 
witli that of the ring and spider, carrying these parts with it, the 
ring, on account of the centrifugal action, will increase in diameter 
more rapidly than the arms will increase in length, and will there- 
fore sepunite from ihem, leaving a space between the end of each 
arm and the ring. If. on tite contrary, the arms are attached to 
tile ring BO that no separation can occur, the arms will be somewhat 
«longated on account of the pulling-out action of the ring, and the 
ring will l>e bent inward where the arms are attHched. Tensile 
stress will therefore be induced in the arms and in the inner side of 
the ring at and near the arms. The relative intensity of the stress 
in tile arms and ring will depend on their relative strength. 

The puUing-in action of the arms, when there are several, 
redacea the tension in the rim caused by centrifugal action. 

As a snmman,' of the above, it may bo stated that, if a fly-wheel 
which has no stress in its parts when at rest is rotated uniformly 
about its axis, tensile stress will be induced in the arms and rim. 
that in the rim having tho greatest intensity midway between the 
amisi and at or near the arms; also, if the speed of rotation is varied 
by a driving or resisting force applied through the shaft or hub, 
tbcT« will be additional tensile stress induced about one of the angles 
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between the end of each arm and the rim. A pulley carrying a belt 
that is transmitting power has similar stresses. 

Only tensile stresses have been considered in the discussion of 
the fly-wheel, because they are greater than those of compression, 
and also because most fly-wheels, and a considerable proportion of 
large pulleys, are made of cast iron, which has a much lower tensile 
than compressive strength. 

When a fly-wheel is supported on a horizontal shaft, there is an 
additional tension in the lower arms. The tension in an arm 
extending vertically downward from the hub is much greater than 
that due to the portion of the rim belonging to the arm, i.e., greater 
than that due to a weight equal to that of the whole rim divided by 
the number of arms. 

122. Numerical example of stress in, and enlargement of, a 
rotating ring due to centrifugal action. — The tensile stress in a 
cast-iron ring 20 feet in diameter, rotating about its geometrical 
axis at a circumferential velocity of 6000 feet per minute, is, by 
equation (158), taking w = 450, 



w 



144(7 



ir* 'iSO /6000\* ^^^„ 

^ = 144X32.:^ X [^) = ^^^ ^^'' ^'' «^- ^^- 



The increase of the radius caused by the rotation is, by equa- 
tion (159), taking F^ = 14000000 lbs. per sq. in.. 

The corresponding increase in the circumference is 

2.T X .0083 = .052 in. 

The arms in a fly-wheel of ordinary design are considerably 
smaller near the rim than at the hub. "The elongation is therefore 
not uniformly distributed along an arm, but is greatest at or near its 
smallest cross-section. For a rotating wheel having a heavy, stiff 
rim, it seems fair to assume that the greatest elongation per unit 
length in the arm is at least as great as would be obtained per unit 
length in a prismatic bar of a total length equal to the diameter of 
the rim, by subjecting it to a tensile stress sufficient to elongate it 
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to the same extent as the diameter of the free rim would be increased 
by the rotation. 

Upon this assumption the tension in each arm supporting the 
ring just considered, taking the arm as 83 inches long and allow- 
ing for no distortion af the hub, would be 

0083 
Tension in arm = ^-^^— X 14000000 = 1400 lbs. per sq. in. 

The rim- tension of 970 lbs. per sq. in., and the tension of 1400 
lbs. per sq. in. in the arms are of comparatively small value when 
considered separate from stresses due to other causes. But, since 
the rim- and arm- tension increase as the square of the velocity, 
they may attain considerable values for very high speeds, such as 
sometimes occur when an engine " races. ^' 

123. Sectional-rim fly-wheels and pulleys. — When the rim of a 
fly-wheel or pulley is divided into sections by being cut through mid- 
way between each pair of arms, as in Fig. 127, the ends of the sec- 
tions must be held together, of course, by some kind of fastening. 
As has already been stated, centrifugal action tends to bend or bow 
the rim out between the arms. If the wheel is rotating uniformly 
and has no belt upon it, each part of the rim between two arms 
acts much like a beam supported at the ends and uniformly 
loaded from end to end. The centrifugal action in the wheel cor- 
responds to a uniformly distributed load acting radially outward. 
This bending outward of the rim has a tendency to open up the 
joint more at the outer than the inner side of the rim. For this 
reason the fastenings, which are tension-members, should be placed 
as near as possible to the face or outer circumference of the rim, 
and should have a considerable thickness of metal, measured radi- 
ally, between them and the inner circumference of the rim. 

If the rim is thin, as for band-wheels, lugs or flanges must 
generally be added for the fastenings. These lugs should be of suf- 
ficient radial Iveight to make the distance from the fastenings to the 
inner side of the lug large in comparison with the distance from the 
centre of the fastenings to the face of the pulley, and they should 
be braced well with circumferential ribs running back towards the 
arms. In order to give the rim rigidity to resist bending, these 
ribs should also have a considerable radial depth. 
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In recent years a number of largo pulleys have been designed 
with sectionul rima dividoil at the end of fach arm, there being no 
joint in the rim between tlioarms. 

124. Bursting teats of ainall cast-iron fiy-wheels by centrifugal 
action. — A number of tests were made upon small cast-iron fly- 
wheels by Prof, C II. Benjamin in order lo determine the speed 
at which they would burst wlnen rotating witli practical uniform- 
ity.* The wheels tested were all of east iron, and most of them 
were miniatures of large Uy-wheela designed by leading manafac- 
turera of such niaclunery. Some of the miniatures were 15 inches, 
and the otliei-s 24 inches, in diiiraeter. Part had solid rima, others 
had rims made in two sections and fastenetl together with bolts, while 
still otiiers ha<l rims in two sections fastened together with linlcB. 
The wheels were direct-connected to a steam- turbiue, which drove 
them at a gradually increasing speed until they flew to pieces. No 
brake or pulley was applied to cause tangential reaistauce to rota- 
tion, and no belt was run ou the wheel. 

The teats showed that, as would naturally be expected, the 
wheels having sectional rims fastened together midway between two 
arma were much weaker than those having solid rims ; and that, 
although the tension-members of the fastenings at the ends of the 
sections were of less tensile strength than the rim itself, tboy gave 
way in but one instauce, in which case the bolts broke; the rupture 
occurred in the jointed rims of all the other wheels. 

It was also shown that a wheel cast from the same pattern as 
another, but liaviog it^ rim turned down so as to be much thinner 
radially, broke at a much lower speed tlian the one having the rim 
left thick, as it had come from the mould. 

Tests upon wheels similar in every respect except the number 
of arms, some having three and some six, showed that the three- 
arm pulleys were weaker than those having six. The pattern for 
the three-arm wheels was made by removing the alternate arms 
from the patterns for the six-arm wheels. 

Tables XXXV to XLI show the dimensions of the fly-wheels 
tested and the results of the tests. When bolte were used to fasten 
the joints, flanges, extending across the inner surface of the rim. 

* The Bursliiig of Suiall Cast-iroD Fly-wheela, Traas. Amer. Soc. M«ah. 
Eog., vol, sx,, 1809. 
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furnished holes for the bolts. When two links were used, they 
▼ere imbedded in the side of the rim, after the method of Fig. 128. 
The third link, when used, gripped a pair of lugs extending out 
from the inner surface of the rim. 

Table XXXV. 

FIFTEEN-INCH WHEELS. 





Rim. 


Anns. 


Weight 

WheeU 
pounds. 


No. 


Style. 


Diameter, 
inches. 


Breadth, 
inches. 


Depth, 
incnes. 


Area, 
sq. in. 


No. 

6 
6 
6 
6 
6 
8 
8 
8 
6 
6 


Area, 
sq. in. 


1 
2 
8 
4 
5 
6 
7 
8 
9 
10 


Solid 

<( 
«• 
<• 

Sectional 

Solid 
«* 

<< 

<( 
(< 


15i 
15| 
15 

ISA 

15A 

15 

14J 
14| 

14i 


2 
2 
2 
2 

• . • . 
2 
2 
2 


.70 

.65 

.615 

.52 

.... 

.69 

.615 

.475 

.400 

.347 


1.4 
1.3 
1.23 
1.04 

• • • • 

1.38 

1.23 

.95 

.75 

.65 


.46 
.46 
.46 
.46 
.46 
.46 
.46 
.46 
.46 
.46 


20.87 
20.44 
19.12 
16.62 
20.87 
19.25 
16.56 
18.68 
12.68 
18.00 



Table XXXYI. 



FIFTEEN-INCH WHEELS. 





Bursting Speed. 


Centrifugal 
Tension 




No. 






Remarks. 




ReTolutions 


Feet per 


~ 10' 






per Minute. 


Second = F. 






1 


6.625 


430 


18,500 


• 


2 


6.525 


430 


18,500 




8 


6.035 


395 


15.600 


Thin rim. 


4 


5,872 


380 


14.400 


t« (4 


5 


2.925 


192 


8.700 


Joint. 


6 


5.600* 


368 


13.600 


Three arms. 


7 


6.198 


406 


16,500 


<( t( 


8 


5.709 


368 


13.600 


<< <• 


9 


5.709 


365 


13.300 


Thin rim. 


10 


5.709 


361 


13,000 


«« <« 



♦ Doubtful. 
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Table XXXVII. 



TWENTY-FOUR-INCn WHEELS. 





Shape and Size of Rim. 


Wetehl 

Wheel, 
pounds. 


No. 


Diameter, 
inches. 


Breadth, 
inches. 


Depth, 
inches. 


Area, 
sq. in. 


Style of Joint. 


11 
12 
18 
14 
15 
16 
17 


24 
24 
24 
24 
24 
24 
24 


J* 

4 
1.2 


1.5 
.75 
.75 
.75 
.75 

2.1 

2.1 


8.18 
8.85 
8.85 
8.85 
8.85 
2.45 
2.45 


Solid lim. 

Internal flanges, bolted. 

(« *t l€ 
tt <( *< 
<l tt tt 

Three lugs and links. 
Two •* •• 


75.25 

98 

91.75 

95 

94.75 

65.1 

65 



Table XXXVIII. 



FLANGES AND BOLTS. 





Flanges. 


Bolts. 


No. 


Thickness, 
inches. 


Effective 

Breadth, 

inches. 


Elffective 

Area, 

inches. 


No. to 

Each 

Joint. 


Diameter, 
inches. 


Total Tensile 
Strength, 
pounds. 


12 
13 
14 
15 


11/16 
11/16 
15/16 
15/16 


2.8 
2.75 
2.75 
2.5 


1.92 
1.89 
2.58 
2.84 


4 
4 
4 
4 


5/16 
5/16 
5/16 
8/8 


16,000 
16,000 
16,000 
20,000 



BT TESTING- MACHI27B. 

Tensile strength of cast iron = 19,600 pounds per square inch. 
Transverse strength of cast iron = 46,600 pounds per square inch. 
Tensile strength of 5/16 bolts = 4.000 pounds. 
Tensile strength of 8/8 bolts = 5,000 pounds. 
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Tablb XXXIX. 

FAILURE OF FLANGED JOINTS. 





s 


KffwLlTE 


pounds. 


Bunting Sprtd. 


Cen[rifiit»lT6ngion 




Ko. 


Uiaute. 


Ft. per 
SH-ond 


Pounds 
= 10- 


T0.1U 

Poundl 


ammsiVt. 


11 
12 
1» 
14 
16 


8.18 
8.80 
8.6G 
B.85 
8.85 


i'.vi 

1.89 
3.58 
3.!J4 


Ve'ooo 

18,000 
16.000 
30,000 


8,672 

V.TBO 
1.875 
1,810 


385 

'isV 

198 
193 


14.800 
■ 3,466 

8.8SO 
8,610 


47.000 

13.106 
14.800 
13,900 


8ol!a rim. 
Flftnge broke. 

BnlU broke. 
FlftDge broke. 



Table XL. 

[.INKK1> JOINTS. 





LUgB. 


L.„.. 


m.. 


Ro, 


^r' 


L«wth. 


Area, 
»q. In. 


U««l. 


Effwrtivo 
Braidlh. 


V^': 


Effwtlve 
AIM. 
sq. t». 


*q. Ii.. 


A«», 


IS 
IT 


.40 
.44 


1.0 
.98 


.45 

.43 


a 


.57 
.04 


.327 

.380 


.188 
.205 


2.45 
2.46 


1.98 
1.68 



Tensile EtrcD(;tL of cast Iron — 19,600. 
Transverse sli'engtli of cast Iron = 40.400. 
Av. tendle itreogiL of each Ifuk =: 10,180. 



PAILCRE OP LINKED JOINTS. 







Strength 


BurttlDK Spo-d. 


ODirifugul Tension. 




Mo. or 
link!, 
pound!. 


Bev, 


Fj^r 


I'ound* 
pers<,.n,. 

= -10- 


SA 


Bemarka. 


16 
17 


80. .540 88.800 
30.860 1 88.800 


3,060 
2.750 


320 
290 


10.240 

8,410 


25,100 
30,600 


Rica broke. 

LugBftudrlmliroke. 
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Special Forms of Fly-wheels and Pulleys. 

125. Hollow cast-iron arms with wrooght-iron or steel tension- 
rods for fly-wheels and pulleys. — On account of the comparatiyely 
low tensile strength of cast iron and the predominance of tensile 
stress in the arms of pulleys and fly-wheels, it is obvious that the 
liability of the arms to fracture will be reduced if, by some means, 
the cast iron can be relieved partly or wholly of tensile stress, al* 
though by doing so it may be subjected to high compressive stress. 
A simple and comparatively inexpensive way of doing this is to cast 
the arms hollow and put a steel or wrought-iron tension-rod through 
the centre of each from rim to hub. The rod is put in tension by 
means of its end fastenings when the pulley is constructed. The 
surrounding cast-iron walls act as a column to resist this tension 
and are thereby subjected to compression. A pulley so constructed 
is unquestionably much safer under heavy service than one having 
only cast-iron arms. This device has been adopted by at least one 
concern whicli has placed many large pulleys in commercial service. 

126. '^Tangent'' arms for pulleys and fly-wheels. — Pulleys of 
this description have arms which, instead of being radial, are tan- 
gent to a circle of fixed diameter, as in the construction common 
to bicycle- wheels. Tangent-arms have been adopted for wheels of 
considerable size performing service where the demands upon the 
fly-wheel for energy are sudden and severe. Such fly-wheels have 
been applied to mine hoisting-machinery. The arms, instead of 
being round, are generally of rectangular cross-section. Being 
purely tension-members, they are of course made of some such ma- 
terial as wrought iron or steel, cast iron being totally unfit for this 
purpose. The tangential direction of the arms prevents any neces- 
sity ol their resisting the torsional moment of the shaft or rim by a 
bending moment in the arm. It is not probable that even a very 
approximate calculation of the stresses in the arms can be arrived at. 

127. "Built-up" plate fly-wheel. — A fly-wheel made of rolled 
structural-steel plates is in use in the power-station of the Union 
Railroad Co. at Providence, R. I. The web of the wheel is made of 
a number of segmental plates placed so as to break joints, and held 
together by rivets passing through from side to side. The rim is 
built up of several pieces of plate metal cut so as to form a rinis: 
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when placed together. These sections are placed together so as to 
break joints and are riveted through from side to side. Steel 
plate 1 inch thick is used for the web, and If and 1^ inches thick 
for the rim. The hub is of cast iron 72 inches in diameter, made 
of two disks. It can be seen that the pulley has what might be 
called a built-up web. The pulley is 18 feet in diameter and has a 
rim 15^ X 16 inches. The web is made of two thicknesses of one- 
inch plate. The factor of safety is about forty. 

128. Wire-wound fly-wheel — A fly-wheel having a rim com- 
posed of wire wound circnmferentially under tension around a. 
web was constructed for use in a rolling-mill at Ladore, Wales, 
using the Mannesmann process of rolling tubing from the solid bar.. 
In this class of rolling a very great amount of power must be sup- 
plied to the machinery in a short time. The strain upon the fly- 
wheel is accordingly very great on account of the sudden reduction 
of speed which it must undergo in order to deliver its energy, aa 
well as on account of the high' speed at which it runs in order to 
have suflScient energy stored in it. 

The construction adopted is the strongest and safest that can 
be devised. Two steel disks, 20 feet in diameter, are bolted to a 
cast-iron hub. The outer edges of the disks form a groove into 
which wire is wound to form the heavy rim. The groove is filled 
with 70 tons of No. 5 steel wire wound on under a tension of 50 
pounds. The wheel is run at 240 revolutions per minute, which 
corresponds to a circumferential velocity of 15080 feet = 2.85 
miles per minute. 

129. Other special forms of pulleys. — Many large pulleys are 
now constructed with built-up rims and cast-iron arms. The rims 
are frequently made heavy enough to serve as fly-wheels. 

Smaller pulleys are often made completely of wood built up in 
sections and having but a few arms, generally two or four. 

Medium-size pulleys are often made with wrought-iron or sheet- 
steel rims and cast-iron arms. Small-size pulleys are also frequently 
constructed in this way. 

An *' all-steel " pulley has recently been placed on the market. 
It is made up completely of sheet metal, the arms and hub being 
pressed into form. 

Two sets of arms are very commonly used for wide pulleys, and 
in some cases as many as three sets are used. 
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Designs and Proportions of Fly-wheels and Pulleys Taken from 
Practice.* 

130. Since it is eridently impossible to make calcnUtiona for 
fly-wheele and pulleys with regard to their strength, it seems advis- 
able to present some of the larger sizes, as made by leading builders, 
which have shown themselves to be satisfactory in use; also to 
give some of the proportions of the smaller sizes of pulleys. 

Table XLII gives the sizes of arms for pulleys from 10 to 96 
inches in diameter and having rims with faces up to 26 inches 
wide. These are the proportions adopted by Struthers, Welts & 
Co. for the pulleys used upon their engines. Table XLIII gives 
the thicknesses of rims adopted by the same company. 
Table XLIII. 

ATBRAOE THICKNESS OF ENGINE-PULLEY EIMS. 



WldePullejB. 


N« 


rrow Pulley.. 




"T^S^- 


Fkce Width. 

llKhM. 


Thicknea 

"nohM: 


lnch%.'^' 


F»ce WMIb, 


Thicknea 


13 


^ 


5/16 


e 






1/4 


18 


4 




3/8 


8 






6/lfl 


20 






7/16 


10 







8/8 


S8 






1/3 


14 


7 




7/l« 


M 






0/16 


16 


10 




7/l« 


« 


30 




1/3 


20 






7/l« 


44 


12 




0/16 


82 


10 




1/3 


48 


13 




»>16 


82 


10 




6/8 


S4 


12 




11/16 


86 


10 




6/8 


TO 


14 




16/16 


86 


12 




7/8 


«0 


14 




42 


12 




7/8 


72 


16 




7/8 


48 


13 




1 


78 


16 




15/16 


4B 


14 




U 


72 


Ifl" 




u 


64 


14 






78 


10 




li 


64 


16 






78 


1? 




n 


54 


16, 




U 


78 


20 




ij 


60 


iS 




u 


78 


22 




ii 


72 


18, 






84 


24 




li 


72 


30 




li 


84 






1! 


78 


32, 




2 


H 


81" 


n 


78 


24, 




2 


H 


SI 


2' 








108 


84 










108 


87 










120 


42 










120 


48 


8 









* The following illastrations of flf-whe«la and putleys «re taken trom 
drawioga and blnv-prints kindlj sappUed by the establishments whose names 
we mentioned in conneetioii with them. 
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Fig. 128 is a ZO-toot baod-wlieel with a 62-iDch &k» aod haTing 
a rim divided into eight sectionB as made b; the Edwaid P. Allis 
Co. The rim-eectioiu meet at the ends of the ami. The weight 
is 65000 pounds. 




Fig. IS9 is the working drawing of the huh, one arm, 




2(K(oot band-wheel, 63-incIi f&et*. Cant iron. 8 




]». Edward P. A His Co., Milwniiliw. Wis., 
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Bection of the rim of a 10-foot band-wheel having a 62-inoh face 
and weighing 60000 pounds aa made by the Hooven, Owens & 




Rentschler Co. The rim is divided into ten sections, each section 
having one ami. The arm in this design is different from those 




SG-foot ay-wbML Cultnn. SMOtloai. We 




r« fiie*pag€ ttb. 
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nsnally adopted. It is made in the form of a cast-iron I beam. 
This form preseDta advaDtagee in the way of getting a sound cagt- 
ing and in making an arm which is strong enongh to resist a tnin- 
ing force acting npoD the rim or hub. A wheel of this design is 
operating succeesfnlly at 75 levolntioiu per minttte. 




FigB. 130 and 131 are from the working prints of a fly-wheel 88 
feet 6 inches in diameter as made by the same company. This 
wheel is also divided into ten sections. The net weight is 128421 
pounds. One of the wheels made after this design ia direct-con- 



PLT-WHEEL9 AND PDLLET8. 



271 



nected to an 800-kilowatt generator speeded at 80 revolntions per 
minute. 

Fig. 132 is s 35-foot fly-wheel weighing 160000 pounds and 
divided into eight sections. Four of these wheels have been made 




by Fraser & ChalmerB, and pat into operation in the power-station 
of the West Chicago Street Uailwaj Co. They are on 34 and 
6i X 60 inches compound condensing Corliss engines which are 
direot-oonneoted to olectric generators. 
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Fig. 133 represents another fly-wheel as built by the same 
company. It is 12 feet in diameter and made in two parts. The 
weight is about 12000 pounds. 

Fig. 134 is another 12-foot fly-wheel made by Fraser & Chal- 
mers. The design is peculiar in that the rim is overhung in order 
to bring its weight over the bearing which supports it. The 
weight of this pulley is 12500 pounds. Two of these wheels are in 
use on each of the pumping-engines for delivering water at high 
pressure to the hydraulic accumulators in the works of the Fope 
Tube Co. The water pumped is utilized for tube-drawing benches^ 
etc. 

Fig. 136 represents a 20-foot fly-wheel weighing 80000 pounds 
as constructed by the Southwark Foundry & Machine Co. The 
wheel is made in two parts^ held together by links at the rim and 
bolts at the hub. 

Fig. 136 shows a 28-foot fly-wheel as proposed by the Edward 
P. AUis Co. for the Third Avenue Railway Co. of Milwaukee^ 
Wis. Only the principal dimensions are given. 




Proposed 'J8-rootflj-whee1 forOeneral EleclricCo. ThErdATM 



CHAPTER XL 

CTLINDERS, TUBING, PIPES, AND PIPE-COUPLINGS. 

131. In the following discussion of cylinders, tubing, and pipes, 
they are separated into two classes, according to wliether the walls 
are thin or thick, on account of the difference in the nature of the 
stress occurring in thin and thick walls. It is assumed that all the 
cross-sections discussed are circular. 

The notation for cylinders, tubing, and pipes is as follows : 

D = external diameter, inches; 

F' = cross-sectional area of wall of cylinder, square inches; 

T = total circumferential tension per inch of length in the wall of 

the cylinder, pounds; 
iT = total longitudinal tension in the wall of the cylinder, pounds ; 

a = thickness of wall, inches ; 

d = internal diameter, inches; 

p = internal pressure, pounds per square inch; 

/ = circumferential tension, pounds per square inch; 

f = longitudinal tension, pounds per square inch; 

n = 3.1416. 

132. Tension in a thin circular cylinder due to internal pres- 
•ore. — ^When a pipe or tube is closed at the end and contains a 
liquid or gas under pressure, there is a tendency to burst the pipe 
which produces tensile stress in its walls. 

If the pipe is long and the walls thin in comparison with its 
diameter, the relation between the internal bursting-pressure and 
the total circumferential tension in an inch of length, taken at some 
distance from the end so that there will be no strengthening effect 
of the cap or head, is expressed by the equation 

T=ipd (160) 

278 
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This expression is obtained in the same manner as that for thi 
tension in a shrunk-on ring (see § 90 and Fig. 118). 

The circumferential tension per square inch in the walls whei 
they are thin in comparison with the diameter is 

^^11'^'^ (approximately). . (161) 

The total longitudinal force tending to separate the ends of the 
pipe is 

r=^ (162) 

The wall area resisting this force is that of the cross-section cut 
by a plane normal to the length of the pipe, and is 

F'=n^L_A (163) 



The walls being very thin in comparison with the diameter of 
the cylinder, their cross-sectional area is 

F' = nda (approximately) . . (164) 

The longitudinal tensile stress per square inch, as obtained by 
combining equations (162) and (163), is 

^' = 5^ (1^5) 

And the approximate longitudinal stress per square inch, as 
obtained by combining equations (162) and (164), is 



1 n/J 

^' = J — (approximately) . . (166) 



4 a 

Equations (161) and (166) show that for pipes with thin walls 
the circumferential tensile stress per unit area is twice as great as 
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^le longitudinal. In other words, the tendency to burst the pipe 
longitudinally is twice as great as circumferentially. 

The cylinder-head, flange, or cap upon the end of the cylinder 
or pipe aids the material near the end of the pipe in resisting the 
<jircumferential tensile stress due to internal pressure. If, there- 
fore, the cylinder is short in comparison with its diameter, its 
capacity to resist pressure will be greater than that of a long one. 

Example. — The circumferential tensile stress in a pipe 7 inches 
inside diameter and 7f inches outside, when withstanding an 
internal pressure of 2500 lbs. per square inch, is, for thin walls, by 
equation (161), 

/ = i (2500 X 7) -^ iV = ^'^35 lbs. per square inch. 

The total end pressure on the pipe may be obtained by equation 
(162), whence 

2" = ^-^^^ = 96212 lbs. 
4 

And the longitudinal tension per unit area is,by equation (166), 

t' = i(2500 X 7) -T- V^ = 1367 lbs. per square inch. 

133. Cylinder with thick walls. Stress in material due to 
internal pressure. — When the walls of the cylinder are thick in 
comparison with its diameter, the circumferential tensile stress in 
them due to the internal pressure is not uniformly distributed 
throughout the material, but, on account of the elasticity of the 
walls, is greatest at the inner layer of metal and least at the outer, 
gradually diminishing from the inside toward the outside. 

Equations (167) and (168) agree with those given in several 
books on the mechanics of materials, etc. They are based upon 
the assumption that the volume of the material forming the cyl- 
inder does not change when put under stress (i.e., the material is 
assumed to be incompressible). Under this assumption the cir- 
cumferential strel^ in any fibre of the material is proportional to 
the square of its distance from the axis of the cylinder. 
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The equations for cylinders with thick walls are: 

'- 2a ' (^^^> 



1 pd 
« = 2J3^ tl68> 



The influence of flanges and closed ends is doubtless greater in 
thick cylinders than in thin ones. For such short cylinders as are 
commonly used for hydraulic presses, etc., the strengthening effect 
of tlio closed end is very great. 

134. Bursting tests of cylinders and pipes. Lap - welded 
wrought-iron pipe.* — The results of a series of tests made by 
R. W. llildretli & Co. of New York upon a large number of pieces 
of lap-welded wrought-iron pipe illustrate so well the manner in 
which i>iping and couplings may give way under pressure that a 
very brief abstract of the log of tho tests will be given. 

The pipes tested were all 7 inches inside diameter and 7f inches 
outside. The sections were held together by cast-iron flanges of 
the form shown in Fig. 137. Three 1-inch bolts were used in each 
pair of flanges. The pipes and flanges were threaded with 8 
threads per inch, having a taper of ^\ of an inch in 2^ inches. 
AVhon soreweil together, the pipe protruded beyond the flange ^ of 
an inch. 

The gaskets were of gutta-percha 8.7 inches external diamet^r^ 
so as to flt into the recess of the flange. 

In the first series of experiments six lengths of pipe, each about 
tJO foot long, selected at random, were coupled together and tested 
under high pressure. The longitudinal tension due to the water- 
pres^uro agiiinst the heads of the pii)e was resisted by the pipe and 
flanges, no auxiliary devices being used to resist this end thmst. One 
flange broke at a pressure of 1700 pounds per square inch, and 
after this was rei^aired another broke at an internal presBure of 2000 
}H>unds poT square inch. 

• Engimmng Snn, March SI, 1S»S. 
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In the second series of tests the ends of the pipes were tied to- 
gether from end to end with two 3-inch rods having sleeve-nuts for 
tightening; the pipe was also secured against buckling. At the 




Fig. 187. 



first trial one pipe burst six feet from the end at an internal pres- 
sure of 2400 pounds per square inch. The fracture showed a blis- 
ter about 12 inches long. At the second trial a flange cracked at 
800 pounds pressure. It was supposed that the bolts had not been 
tightened properly. At the third trial another flange broke with 
violence at 2300 pounds pressure. And at the fourth trial still 
another flange broke at 2500 pounds pressure per square inch. 

All the flanges that broke were of the form A, Fig. 137. Each 
broke about midway between the lugs through which the bolts 
passed. 

As a result of the tests it was recommended that a round flange 
with five or six |-inch bolts be specified instead of that with tliree 
lugs and bolts. It was stated that '^ with such flanges perfect pipe 
of the same quality and dimensions as those ordered should 
withstand a pressure of from 2500 to 3500 pounds per square 
inch." 

Tents of drawn tabing. — A number of so-called ^' seamless'^ 
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Bteel tnbea were tested at Sibley College.* The tubes were niade 
by welding or brazing tJie edges of steel skelp after the manner of 
making seamed tubing, and then drawing down in pipe-drawing 
dies, as is common for seamless-pipe manufacture. During the 
tests on the finished tubes no indication of a seam could be found, 
and in no case was there rupture along a seam. 

The only tube which is recorded aa having burst was 10 inches 
long, 1,254 inches external diameter and 1,302 inches internal, the 
thicknoaa corresponding to a gauge of between 22 and 23. The 
ends were closed by clamping the tube endwise between two metallic 
plates, one of which waa perforated and connected to the pressure- 
pump by tubing. The tube hurst at an internal pressure of 4700 
pounds per square inch, corresponding to a circumferential tensile 
stress of 108(i43 pounds per square inch. It gave way along one 
side about 3 inches from one end. The esternal diameter was in- 
creased about ^ of an inch by the intenial pressure. 

Other similar tests were made ujwn pieces of tubing 30 inches 
long, but in each case the tube deflected so that the pres^sure could 
not be carried to the bursting-point. These tests showed that a 
tearing-stress of 80000 pounds per square inch could be applied with- 
out rupturing the materia!. It was also shown that a tearing-stresB 
of 70000 pounds per square inch did not aenaibly increase the di- 
ameter of the tube. 

Cast-iron cylinders. — A series of experiments upon short cast- 
iron cylinders to dotL'rniine their bursting-strenglh was conducted 
by Professor C. H. Benjamin, j 

The form of the cylinders tested is shown in Fig. 13S, and 
the proportions are given in Table XLIV. The lengths are ap- 
proximately twice the diameters. The flanges and heads were made 
extra heavy in order that rupture might occur in the cylindrical 
eliell. Each cylinder was examined for flaws, and if any small 
blowholes were found they were filled with lead or tin, hammered 
in, and the surface was then covered with a coatitig uf ])arafiin. 

The gaskets gave much difficulty on account of leaking and 

• TraiiB. Amer. Soc. Mech. Eng,, vr)l. six., 18BS. Euduriuice, bonding, 
erusbing, and otber lesta wern alsu made. 

f TratiH. Amer. Soc. Mech. Eag., vol.. six., 1898. J 

k J 
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DIMENSIONS C 
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blowing out when used upon the flat-faced end of the cylinder. 
By counterboring, as shown in the figure, and packing with a 
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gasket of strawboard saturated with oil, this difSculty was largely 
obviated. This packing held except when the projection on the 
head was smaller in diameter than the counterbore in the cylinder. 

One of the serious difficulties met during the test was leakage 
through the cylinder walls on account of minute blowholes. Some 
of them were almost invisible to the naked eye, but at high pressure 
the water would spurt out several feet in a slender stream. Water 
oozed through the walls at all points. 

The log of the tests is as follows: * 

*' Cylinder a, — Wire-gauze packing; leaked at 400 pounds. 
Substituted copper wire No. 22, A. W. G. ; this leaked at 600 
pounds. Substituted soft-rubber gasket; pressure carried to 800 
pounds several times. Leak at blowhole stopped by peening. On 
raising pressure to 775 pounds cylinder failed on a circumference 
just below the upper flange, the crack starting at blowhole and 
running each way about 90 degrees. 

** Cylinder h, — Gasket of lead fuse wire -^y-inch diameter with 
ends fused together. Leakage at pressure of 450 pounds^ and the 
flange cracked. Substituted rubber and graphite packing; leak at 
crack with pressure of 600 pounds; no further rupture. 

" Cyli7ider c. — Rubber and graphite packing inserted, heated to 
250 degrees Fahr. by live steam; bolts screwed down and packing 
left one day to harden. Leaked badly at 600 pounds; renewed 
packing, but it leaked again at 550 pounds. Flanges showed signs 
of failure and experiment was abandoned. 

** Cylinder d. — Counterbored joint, with gasket of straw- 
board soaked in linseed-oil. Leakage at blowholes with 700 
pounds pressure. Blowholes peened and coated with parafliin, 
when pressure was raised to 800 pounds several times. One blow- 
hole calked on outside; on applying pressure of 700 pounds 
rupture occurred on longitudinal line through blowhole. Several 
small blowholes found in line of fracture. 

** Cylinder e, — (On this and all subsequent cylinders the 
counterbore and straw-board gasket were used.) Pressure raised 
gradually to 1325 pounds, when rupture occurred on circumference 
under flange. The crack began at several small blowholes. 

* Illustrations and references to them are omitted. 
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" Cylinder f. — Pressure raised gradually to about 2500 pounds 
■(above graduation of gauge), when cylinder failed in same manner 
as preceding one; cylinder leaking badly at time of rupture. 

** Cylinder No. 1. — Broke at 600 pounds on a longitudinal line 
along a row of blowholes. 

" Cylinder No. 2. — Broke at 1050 pounds around a circumfer- 
ence just under flange. Fracture very clean. 

'* Cylinder No. 3. — Broke at 975 pounds in the same manner as 
No. 2, the crack beginning where there was a slight flaw. Fracture 
clean. 

" Cylinder No. 4. — A number of small blowholes near the centre 
of shell caused considerable trouble by leakage, and had to be 
calked inside and out. Rupture finally occurred at 700 pounds 
pressure along a longitudinal line. 

" Cylinder No. 5. — Rupture occurred ai 875 pounds, a crack 
starting under the flange running part way around and then up 
through flange and head. 

" Cylinder No. 6. — At 475 pounds pressure the bottom head 
broke. On renewing this and raising pressure to 900 pounds the 
top head failed in the same manner. These heads had been used 
for several cylinders, and were probably weakened. The test was 
4ibandoned at this point for lack of time. 

Great pains were taken in casting these cylinders, and they may 
l)e considered good examples of cast-iron cylinders as made for 
■engine- or pump-work. The blowholes mjntioned were most of 
them very minute, and under ordinary circumstances would have 
remained unnoticed. '^ 

The percolation of liquids througn the walls of cast-iron cylin- 
ders at high pressure is of common occurrence. Such cylinders 
may be lined with copper, brass, etc., to prevent this leakage. 

136. Special forms of pipes. — The high steam-pressures com- 
mon to modem practice, as well as the high pressures used for 
hydraulic and other purposes, have necessitated the use of piping 
made of a stronger material than cast iron. For such purposes 
pipe made of steel plates riveted together, as is ordinarily done 
in the conBtruction of shell boilers, has been adopted to a consid- 
erable extent. The bursting-strength of such a pipe is measured 
by the strength of the riveted joints. 
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*' Spiral-riveted'* pipe is used for nearly all the sizes of pipes 
common to practice, and especially for those which are thin in com- 
parison with their diameters. It is made by wrapping a long strip 
of flat material, as a thin strip of paper would be wound around a 
lead-pencil, so that the edges overlap. In the pipe the overlap is 
made sufficient for a row of rivets used to fasten the successive 
convolutions together. The edges of the plate must be prepared 
before wrapping, by thinning or offsetting them, so that the diame- 
ter of the pipe will not increase with each turn of the strip from 
which it is made. On account of the necessity of such offsetting 
it is difficult to make this kind of pipe of any great thickness in 
comparison with its diameter. The helical joint is sometimes 
welded instead of riveted. 

136. Pipe-couplings and -flanges.* — The most essential features 
of a pipe-coupling are that it shall be strong enough to prevent 
fractare when under pressure, and that it shall not leak either 
between the faces of the two flanges or between the pipe and flange. 

The stresses which a flange mast withstand are those due to 
internal pressure in the pipe, together with those caused by bolting 
the flanges together, expansion and contraction of the pipe, and its 
tendency to bend under its weight or to buckle on account of the 
elongation of the pipe by expansion when heated by steam, etc. 
Steel flanges are used for the high steam-pressures of modern prac- 
tice, as well as for pipes for high hydraulic pressures. 

The packing must be so held in position that it will not blow 
out under pressure. If it is held between two perfectly plane 
flange-faces, the friction between it and the flanges, together with 
its own strength, is all that holds it in position. The end thrust 
due to internal pressure has a tendency to separate the flanges, thus 
reducing their clamping force on the packing. This is apt to cause 
leakage and possibly to tear the packing to pieces and blow it out. 
This was plainly shown in the experiments on cast-iron cylinders 
cited in § 134. By recessing or counterboring one flange and 
forming its mate to flt into the counterbore, the packing, if of the 



* The dimensions of the standard flanges adopted by the Amer. Soc. Mech. 
Engrs. are given in Kent's "Mechanical EIngineers' Pocket-book," together 
with numerous other designs of flanges. 
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same external diameter as the connterbore and fitted into it, vill 
be held in place much more effectively. 

Pig. 139 represents a method of attaching pipe-flangea that is 
probably the best for high pressures that has ever been used. The 




proportions shown in the fignre are those for rolled-stee. flanges. 
In order to attach the flange it la expanded by heat and then 
shrank on the pipe so that the end of the latter protrudes beyond 
the face of the flange. The pipe is thenpeened orspmioutsoaB to 
expand it over the ronnded comer of the flange, and ia then turned 
off BO that it is juat flaah with the face of the flange. The packing 
P flts in the counterbore and covers the joint between the flange 
and pipe, thus serving the donble purpose of preventing leakage 
between the flaage-face and also between the pipe and bore of the 
flange. As an extra precantion a dovetail counterbore ia some- 
times made as shown by the dotted lines at A, into which a piece 
of some malleable material, such as copper, can be calked to pre- 
Teot leakage between the pipe and flange. 

For exceedingly high preasurea and correspondingly thick pipe^ 
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the pipe and flange are both threaded and screwed together, the 
rest of the details remaining the same. 

Fig. 140 and Table XLV show the form and proportions of 
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ROLLED STEEL PIPE FLANGES. 
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FiQ. 140. 



weldless rolled-steel flanges for pipes from 8 to 72 inches ontside 
diameter and for pressures up to 150 pounds per square inch. 

A pipe is sometimes riveted to the flange by a circumferential 
row of rivets extending radially through a lip running back over 
the pipe on the side of the flange opposite its face. This lip corre- 
sponds to the ones extending out toward A and B in Fig. 139. In 
such a joint the pipe extends only partly through the flange and is 
calked at the end to prevent leakage. 

Flanges forged or cast as an integral part of the pipe are used 
to some extent, chiefly for thick pipes and high pressures. 

137. Expansion-conplings for pipes. — In order to allow for the 
change of length which always occurs in pipes with change of tem- 
perature, some form of expansion-coupling must be introduced at 
intervals in order to prevent excessive stresses in the material. 
Numerous devices have been adopted for this purpose. Those most 
used may be divided into two general classes, however: 1st. Those 
which operate by telescopic action, generally having an accurately 
turned tube which slides back and forth through a stuflSng-box 
packed in a manner siiitable to allow such motion after the method 
common for piston-rod glands of steam-engines. 2d. Those in 
which the elasticity of one of the parts, called the expansion-piece, 
is depended upon to allow a slight end motion of the pipes. One 
form of this coupling consists of a short length of pipe made of 
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DtUBNSIOKS OP WELDLESS BO LLED -STEEL FLA NOES FOR FIFE 
CABETIKO FRE8SURB OP TO 150 P0DMD8 PER SQUARE INCH. 



(Dimensions 
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rather thin copper, corrugated circcmferentially. The cormgationB 
allow the piece to change its length endwise cinder moderate end 
preaenre. Another form consistfi of a pair of llangea, one much 
larger in diameter than the other, fastened together in a manner 
somewhat similar to that shown for the ahaft-conpling ia Fig. 121. 
Instead of having a plane disk, however, as shown in this fignre, a 
cormgated copper disk is generally used, the corrngations mnning 
circnmferentially aronnd the disk. The corrugations allow a com- 
paratively free end motion of the parts relatively to each other. 



CHAPTER XII. 



RIVETED JOINTS. 



138. It is common practice in engineering to fasten together the 
edges of plates, angles, beams, etc., with rows of rivets. If the 
plates riveted together are to be used for the retaining-walls of 
a vessel to contain a flaid under pressure, the joint must be 
designed for tightness as well as strength. This means that the 
rivets must be put close enough together to prevent the plates from 
springing apart between the rivets to any considerable extent. In 
addition to placing the rivets near together it is generally necessary 
to calk the joints with a calking-tool, whose typical form is that 
shown in Fig. 141. This tool resembles a cold-chisel whose 
chipping edge has been ground off square. It is held in the posi- 
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tion indicated in the figure and struck with a hammer to calk the 
edges of one plate down against the other. 

If the joint is for vessels which are to hold solid material, or for 

286 
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the members of bridges and baildings, it is neoessary to design tt 
lor strength only, there being no necessity for tightuoii. 

In hand-riveting the rivet is heated to a fnll red heat ami tht^u 
passed through holes previously punched or drilled in the platen ami 
brought into proper position to receive the rivet. The rivet in then 
held in place with a *^ dolly-bar" while the op])OHitu end in llrnt 
upset with hammers and then finished with a '* set" or ** Nnap." 
The '* set " resembles a sledge-hammer with a deproMNion out In ltd 
face to conform with the kind of head that is desired, as tniiton- 
head, cone-head, pan-head, etc. It is held against the rivot and 
struck with a sledge. Very small rivets are often put in ]>laco cold. 

Machine-riveting is used much more in modern priu^tUse timn 
hand-riveting. A machine-riveter has two dieM, cupj^ed U) tho form 
the rivet-head is to have, which press on the qipo^ite eutU of thu 
rivet-blank after it has been put in place. The Ixnly of tlie rivitt in 
swelled out in the hole and the head forme^l )fy the b«avy ifrmmurn 
that is exerted. The dies of riveting-machitien ara (umtunmly 
operated by either steam, air, or hydraulic pressure. In bydraiilj/; 
riveting one method is to press the rivet doim m^ m Up form iUt$ 
heads while it is still rery hot, then relieve it Irotn i\m jfrtfmur$t id 
the die for a short time until it has coolefJ t^mufwlmif ar^J Um^i imi 
it under preasuie igaio until it has beoonie coM eii//cj;^i V> {/f^^i 
its stretching maleriallj under the Vmdeticr wbi/;;b tli^ |4al4« umy 
have to spring apart. In steam aiid yneQUtMiiie ni^u% iim ritt^ 
head is first fanned bf a steady pnswore ^ iim di^« ilMrii aJkfir^^ W 
cool soiDewliat. a&er vbkli it n Wrtu^ a few slarp ^/V/ir« trjtl; Ui« 
die driven out br ihe wOMm tA ib^ steasb or air mj^sjoA n w ^jt4^ 
to bring tiie plattt i0Siff^^AjeT m iioA ihtr wjjj ^^ rriy}0^ %'^k^t 
wfacD tfae riviet bac twkA ^um^i^fi^j. ¥^/t s^4^ ij«»f r rr^^^to^ 
the riTcttr MMfstOBBei bas a ja^r ^A *:^jfMi%Zr ^ tTiy^)3^^^j^cit. ^jnCjif^ ^ 

hoidistg s^KOB until tiff: im^ idtt *:^Msfi^ 

boue i; is K^ £IL lim vrnxmiOMS^ck iut vccmt ujsie: itvn mit '«rv ^nji m^ 
t2dc 21 saw MPfliD ^ ^» mm ^ tut uUtt. It uut \msi iumst ^uuc 
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ing the hole from the hend toward the point, and liaallj' forming 
the second head. 

When the holes are made by pnnching, tbey are larger at one 
end than the other, being roughly conical ou ucconnt of the punch 
being smaller than the die on which the plate rests daring the 
'; operation of pnnching. The plates should be placed so that the 
small ends of the holes come together. When so placed, the end 
contraction of the riret tends to draw it more tightly against the 
conical walla, thus eliminating, in a measure at least, the loosening 
effect of the decrease in diameter due to cooling, and giving the 
rivet a better fit in the hole; the riyet also grijis the sides of the 
holes and draws the plates together, thus relieving the beads of a 
portion of the strain. If, on the contrary, the large ends of the 
holes are pkced together, the swelling of the rivet when under the 
dies tends to force the plates apart, and its contraction to loosen it 
in the hole; also the end contraction is resisted by the heads only. 

Nnmerons styles of riveted joints are in common use. ^ome of 
the simpler ones will be shown in order to explain the nature of the 
stresses that act npon the plate and rivets. The seams moat com- 
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monly nsed are of two general classes, namely, lap-joint and bnl 
joint. The names are derived from the manner in which the edges 
of the plates are placed relatively to each other. In the lap-joiut 
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plates oyerlap each other, examples of this form of seam being 
wn in Figs. 142, 143, and 144; in the butt-joint the edges of 





LAP JOINT, DOUBLE RIVETED, 8TAQ0ERE0 fOVETS. 



Fig. 143. 



plates are butted against each other, and one or two cover- 
tes, straps, or welts placed over their junction, the rivets passing 
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LAP X>INT, DOUBLE CHAIM WVETEQ. 



Fig. 144. 



ongh one plate and one side of the strap or straps, as shown In 
?. 146 and 147. Fig. 145 is a lap-joint with cover-plate. 
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The seams are farther classified according to the number of i 
of rivets that are used, and the positions of the riyets of one 







Fig. 145. 



relatively to those of the other rows. The rows of rivets run paral 
to the length of the seams. Single-riveted joints are shown in Fij 





Fig. 146. 
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1^, 146, and 147; in each of these joints the edges of the plates 
pierced by bat a single row of rivets, althoagh two rows are 





Fig. 147. 



Embodied in the seam in two of these three cases. Donble riveting 
^ shown in Figs. 143 and 144, the edges of the plates being pierced 




Fig. 148. 

with two rows of riyets. The riyets are said to be staggered when 
thoee of one row are opposite the spaces of the adjacent row, as in 
Figs. 143 and 145; when they are opposite each other, as in Figs. 
144, 146, and 147, the seam is chain-riveted. 

The piteh of rivets is the distance between the centres of 
adjacent riyets in the same row. 

The margin is the distance from the edge of the plate to the 
edge of the rivet-hole. (See w, Fig. 142.) 

The overlap b the distance one plate laps over the other. 

All the rows of a seam do not need to have the same pitch, as 
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can be seen by reference to Fig. 145, where the pitch of the outer 
rows is doable that of the middle one. 



PROPORTIONS OP RIVETED JOINTS. 

139. A single-riveted joint may yield in one of the five follow- 
ing ways when forces are applied as indicated by the arrows in 
Fig. 142: 

Ist. Shearing the rivets in the plane of the plate surfaces that 
are in contact. 

2d. Gmshing the rivets, or the plate in front of them, by the 
*^ bearing-pressare " of the rivets against the plate. 

3d. Tearing the plate between the rivets. 

4th. Splitting or tearing the plate between the rivet and the 
edge of the plate. 

5th. Shearing oat the plate in front of the rivet, the pieco 
sheared out having a width approximately eqaal to the diameter of 
the rivet. 

Doable-riveted joints may fail by either the first or third 
method, or by crashing the rivets. Any other manner of failure 
would be a combination of two or more of the five methods given 
above. The failure of joints with several rows of rivets may be still 
more complicated. 

The frictional resistance to the slipping of the plates over each 
other, due to their being clamped together by the end contraction 
of the rivets, is, in a carefally made hydraulic machine-riveted 
joint, generally from one third to one half of the total strength of 
the joint. A hand-riveted seam generally offers less frictional 
resistance to the slipping of the plates over each other than one 
which is machine-riveted. In designing riveted seams it is not 
customary to take this frictional resistance into consideration. 

The notation for riveted joints is as follows: 
A = sectional area of rivet on a plane perpendicular to its axis, 
square inches. (It is assumed that the rivet fills the hole, 
and therefore its diameter is equal to that of the hole where 
the plates touch each other) ; 
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€ = ultimate bearing- or crushing-strength of plate or rivet for 

single shear, pounds per square inch; 
c' = ultimate crushing-strength of plate or rivets for double shear, 

pounds per square inch ; 
d = diameter of rivet-hole, inches; 
/ = ultimate tensile strength of plate between rivet-holes, pounds 

per square inch ; 
n = number of rivets passing through one plate along a length of 

edge equal to jp ; 
p = pitch of rivets, inches; 
s = ultimate shearing-strength of rivet for single shear, pounds 

per square inch ; 
9' = ultimate shearing-strength of rivet for double shear, pounds 

per square inch; 
t = thickness of plate, inches; 
w = distance between rows of rivets. (See Fig. 143.) 

A rivet is in single shear when the shearing force acts only in 
one plane, as in a lap-joint, or a butt-joint with one cover-plate. 
It is in double shear when the tendency is to shear it off in two 
planes, as in the double-welt butt-joint. Fig. 147. 

Table XLVI gives ultimate values that can be safely used in 
practice with good material. A suitable factor of safety mast be 
introduced. The common practice in this country is to use steel 
plates with iron rivets for boiler construction. Steel plates with 
mild steel rivets are used to a considerable extent for other classes 
of work. 

140. Biv^ts. — Since a rivet may fail either by crushing or 
shearing, it is first necessary, for a given thickness of plate, to find 
the diameter of rivet having equal crushing and shearing strengths 
by equating the strengths as follows: 

For single shear. 



whence 



cdt = -T-s\ 



''=.w.=i-<' ^-"''^ 
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Table XLVI. 



ULTIMATE STRENGTH OF EIVETS AND 


PLATES. 






Pounds perSquare Inch. 




Iron. 


Steel. 


Rivets, shearinfir-strencfth In sinirle shear, s 


40,000 
85,500 
05,000 
80,000 
40,000 


50,000 
45 000 


Rivets. sheariD&r-streDeth in double shear, t' 


Bearinir-Dressure in sinirle shear,* e 


90,000 
110.000 


Bearin&r-Dressure in double shear, c' 


Plates, tensile strenirth between rivet-holes, t 


55,000 





* Bearing area taken as the projected area of the bearing surface. 



For double shear, 



4 



whence 



d = 



c't 



1.5708/ 



.636^ 

8 



(170) 



Sabstitating in equation (169) the yalaes given in Table XLVI 
gives for single shear: 



Iron rivets, 



d = 1.27}^^/ = 2.06^ (171) 



Steel rivets, 



d = 1.27|eM^ = 2.28^ (172) 



Substituting in equation (170) gives for double shear: 



Iron rivets, 



Steel rivets. 



d = .635H4J^^ = 1-^3/ (173) 



d = .635JjVyyvi/ = 1.55^ (174) 



RIVETED JOINTS. 295 

The diameters given by eqaation (171) hold good in practice for 
plates from j\ to f of an inch thick, bat beyond this point the diam- 
eter of the hole becomes smaller in proportion to the plate thickness. 
The difficulty of driving the larger sizes of rivets is largely account- 
able for this fact. Since the sectional area of a rivet varies as the 
square of its diameter, it is clear that any rivet smaller than the size 
giving equality of bearing and shearing strengths will fail by shear- 
ing; therefore in designing a joint whose rivet is not larger than 
the size having equal bearing and shearing strengths, it is not 
necessary to use the bearing-strength of the rivet and plate, the 
shearing-strength of the rivet being all that needs consideration; 
bat if the rivet is larger than the size for equality of these two 
values the bearing-strength must be used. 

Table XLYII gives average diameters of holes for plates aa 
commonly used in practice. 

Table XLVII. 

diametebs of rivet-holes commonly found in practice for 
lap-joints and single-strap butt-joints. 

Thickness of plate, inches 3/16 

Diameter of rivet, inches % 

The form and proportions of some of the rivet-heads most com- 
monly used are shown in Figs. 149, 150, 151, and Table XLVIII. 

141. Pitoh of rivets. — For a given thickness of plate and 
diameter of rivet, the pitch required for equal strength of rivets 
and plates may be found by the following equations, in which it is 
assumed that the margin is large enough to prevent the rivets from 
breaking out toward the edge of the plate, and that rupture must 
occur either by shearing the rivets, tearing the plate along the line 
of rivet-holes, or crushing the rivets or plate. 

When the diameter of the rivet equals or is smaller than the 
value for equality of shearing- and crushing-strength, then — 

For single-riveted joints having the rivets in single shear, 
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whence 



^d* S.J aS . J 



• • • 



( 



Table XLVIII. 
dimensions of countersunk ki vet-he ads.* 

(See Fig. 151.) 

Dimensions in Inches. 

Diam. of rivet, D H S/18 H V16 H 0/16 H 11/16 H 13/16 H 1 1) 
Diam. of head, ^ H 19/32 11/16 85/32 fi 81/32 1^^ lA IM Hi Ix'i IK 1 



/U---Q-^J 



u 




-1.75I>- 
• 







Fig. 149. 



Fig. 160. 



\ 
\ • 



^*1 



1 



UC TABLE FOR 
PttOPONTIOlM 



Fig. 151. 



For doable shear, 



^-X^*'= (P - dW; 



whence 






And in double-riveted joints, both rows of rivets being of 
same pitch : 

For single shear, 



2nd^ 



s^ip- dW; 



*Takeu from drawiofcs kindly furnished by J. H. Stern bergb & Co. 
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P='!^^+d = 2A^+d. . . . (177) 

For doable shear, 

-^« = iP - d)tfi 
whence 

p = ^d'^77'+ ^ = ^^7>+ ^- • • • (178) 

If the rivet is larger than the theoretical yalae for eqaality of 
shearing and crushing strengths, failure will occur by crushing. In 
accordance with this — 

For single-riveted joints having the rivets in single shear: 

cdt=:{p- d)t/; 
whence 



^or double shear. 



p = ^-^d (179) 



p=:^^-^d. (180) 



For double-riveted joints whose rivets have the same pitch in 
both rows and are in single shear: 

2cdi = {p- d)if\ 
whence 

'p = ^-^d, (181) 



For double shear, 



^ = ??l±/i. (182) 



In general, in any joint of ordinary form having two or more 
rowB of rivets passing through the edge of one plate, the pitch of 



298 FORM, STRENGTH, AND PROPORTIONS OF PARTS. 

the rivets can be determined, when p is taken eqaal to the pitch of 
the row farthest from the edge of the plate, by equation (183) or 

(184) when the rivets are small enoagh to fail by shearing, or by 

(185) or (186) when large enough for the joint to fail at the 
bearing surfaces. 

For single shear, 

p = '^^ + d = nA^ + d. . . . (183) 
For doable shear, 

P = ^'^ + d = 2nA'^+d. . . . (184) 

For failare by crashing when the rivets are in single shear, 

P^'^d. (185) 

For double shear, 

^^nc;+f^ (186) 

142. The efficiency of a riveted joint is the ratio of its strength 
to that of the solid plate. The theoretical efficiency can readily be 
calculated if it is assumed that the portion of the plate between the 
holes is of the same strength per unit area as at other places. 
Thus, for a single-riveted lap-joint of f-inch steel plates and f-inch 
iron rivets, the pitch, by equation (175), is 

Taking p = 1|| inches. 

Efficiency = ^-^ = (l-jj -f ) -- 1^ = .55 +. 

The actual efficiency of a joint may difFer considerably from the 
theoretical on account of various influencing causes, the principal 
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oaee being the effect of pnncliing upon the strength, hardness, and 
ducttlilT of tbe plate, and the pressure of ihe plates against each 
other dne to the contraction of the rivets. It k probable that, with 
a well-made joint, working with a factor of safety of fonr, no 
slipping of tlie plates occurs so aa to bring tbe rivets hard against 
the holes on the bearing side. 

143. Shearing, panching, and drilling plates preparatory to 
riveting. — The plate metal, coming from the rolling-mill in irreg- 
ular ahapea, must be sheared to form and sine suitable for its pur- 
pose. After this the rivet-holes are made in it, there being three 
methods of making them, as follows: 1st. Punching to the required 
size with a power-punch by a single stroke of the punch for each 
hole; 2d. Punching a hole from -f\ to | of an inch smaller than 
required, and then enlarging it to full site with a reamer or 
similar catting tool; 3d. Drilling. Of Ihese three methods punch- 
ing is by far the quickest and cheapest; the punching and reaming 
process is considerably more eipenaire; and drilling ia the most 
costly of all. 

When a hole is punched in a plate of metal, it is found that the 
" wad " or " plug " forced out Is much smaller in volume than the 
hole formed by its removal (unless the plate is hard and hritlJe, and 
hence unsuitable for riveting np to withstand pressure). It ia 
about the same diameter as the hole, but sometimes not more than 
half as long as the thickness of the plate. Since the metal in the 
wad ia found to be little, if any, more douse than the plate, it ia 
evident that there must be a How of the metal as the punch presses 
upon it, of such a nature that part of the metal, instead of being 
punched ont of the hole with tjje wad, is forced into tlie walls of 
the hole. The thickening of the plate around the hole is proof of 
this. 

This flow of metal into the walla of the hole, which is really a 
cold working of the material, changes its physical qualities to a 
depth varying from -^^ to ^ of an inch, according to the »iza of the 
bole and the quality of tbo metal, the result being that u thin ring 
or sleeve, harder and less ductile tiiun the original plat«, is formed 
around the hole. As to theelfect of this hardened sleeve upon the 
strength of the plate along the line of holes, and consequently upon 
the efficiency of the Joint, tiiere has been much disoussion with 
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regard to whether it increases, decreasea, or has auy effect npon 
these qualities. The nunerona experiments made npon riveteil 
joints §eem to indicate, however, that punching is injurions to hard 
plates and those made from a poor qnalitj of iron or steel, but that 
soft plates may actually be benefited by the same treatment. 
Whether any benefit is ever derived or not, it ia certainly tnie that 
when the operation ia injurious its deleterious effects are more 
marked the poorer the quality and the greater the hardness of the 
plates. 

By reaming out the holes after punching, the effects of punch- 
ing are nearly or quite removed, and the joint shows practically the 
same efficiency as when the holes are drilled. Tiie effects of punch- 
ing can also be partly, sometimes completely, removed by annealing 
the plate after punching; this process is rather inconvenient and 
expensive for large plates, however. 

The effects of slieariug the plate to approximate size are removed 
by planing off a strip of metal along the edge, which at the same 
time reduces it to size and makes a smooth edge. The sheared 
edge always presents a rough surface when it comes from the 
shears, which in itself would not he acceptable for good work on 
heavy plalea, especially where tight joints are to be made. 

144. Faulty construction and grooving of riveted joints. — 
^Vhen the holes in the two piates do not coincide, it is evident that 
the rivet will be hard to drive into place, and an offset will be 
formed on it where the plates press together when it is headed ; and 
if the heads are directly opposite each other they cannot both be 
concentric with the body of the rivet. The whole result is that 
the rivet is improperly formed and is not as efficient as a perfect 
one. By carefnl work very good seams with punclied holes can be 

By punching the holes small, clamping the plates together in 
the relative positions they will occupy when riveted, and reaming 
through both plates at the same time a practically perfect rivet- 
hole can be obtained; the reaming can be done by hand or 
power. 

Drilled holes can be more accurately located than punched ones, 
consequently better coincidence of the holes can be obtained when 
the plates are drilled separately than when punched; and drilling 
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luu the farther adrantage that the plates can first be clamped 
together and then the holes drilled perfectly concentric. 

In machine-riveting it is necessary for the dies to be held rigidly 
80 that no side motion can occnr, for if it does the head will be 
formed eccentrically with the body and the rivet weakened in con- 
seqaence. In practice this fault is sometimes so great that the edge 
of the head is tangent to the body of the rivet. Fortunately such 
i^reat faults are not found in boiler- work turned out by makers of 
My reliability. 

The stress upon a lap-riveted seam, causing a tendency of the 
plates to bend, as in Fig. 148, localizes the tension to some extent 
ftt A and B. The localization does not generally need serious con- 
sideration, however, unless the plates are grooved by calking or 
corrosion along the edges at A and B, If deeply grooved, the 
tendency to bend becomes greater, and in badly grooved plates 
niptare may occur along the groove at the edge of the seam. 

The slight bending of the plates at a seam also tends to 
localize their pressure against the rivets. This localization is at or 
near the plane of contact of the plates. It has the effect of causing 
the rivets to shear more readily than if there were no bending of 
the plates. 

When lap-joints are tested to destruction, the head of the rivet 
is sometimes pulled off on account of the bending of the plate, as 
indicated in Fig. 148. 

145. Examples of riveted joints taken from practice. — Figs. 
152 to 163 represent the practice of the Baldwin Locomotive Works 
with regard to riveted joints.* 

Figs. 164 to 171 illastrate the riveted seams adopted by the 
Continental Iron Works for cylindrical-shell marine-boilers, f 

* Taken from blue-prints kindly furnished by Bumbam, Williams & Co., 
Baldwin Locomotive Works. 

f Taken from printed designs kindly furnished by the Continental Iron 
Works. 
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Fro. 158. 

Bult-joint witli double covering-stripH. 0/16" steel pUt«, V rIveU. 

Baldwin Locomotive Works. 




Fro, 15fl. 

Butt-joint with doiibln coi-eriiii;-s trips. 5/8" steel plate. 1" rlv8t«. 
Balilwiu Locomotive Works. 
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Fig. 164. 

£team-pressare, lbs. per sq. in., 100. Inside diameter of shell 6' 6". 
7/8" rivets, 16/16" holes. The Continental Iron Works. 



-J.vitl^'- 




Fig. 165. 

Steam-pressure, lbs. per sq. in., 180. Inside diameter of shell 6' 6"« 
IJ" rivets, 1^*' holes. The Continental Iron Works. 
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Pro. ]6t>. 

Ste&nt-pressnre, lbs. per aq. Id., 160. laslde diameter of sbell 6'S'. 

7/8" rivetB. 15/1*" liolos, TLb ContlneoUl Iron Works. 



-ft-^A- 
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Steam-pr«s8ure, lbs. per sq. in., 200. Inside diftmeter of sliell 6^ (T. 
1" rivetB, 1]<|" holea. Tbe Coalineutal Iron WorkB, 



EIVETED JOINTS. 




Fia. 168. 
jn-pressuK, lbs. per eq. in., 100. loslde diameter of sLell 11' 6". 
7/B" riveta, 15/16" boles. The Contintntal Iron Works. 




Fio. 169. 

StMm-preuQre. lbs. per eq. la., 130. laaidi; diameter ul shell 11' 6". 

H" rivels, 1^" boles. The ConlinenUil Iron Works. 
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must be supplied for supporting the frame. Portable punches are 
generally suspended by a chain or rope, hence no base is necessary. 

The frames for heavy stationary punching and shearing machines 
are generally made of cast iron. Forgings and steel castings are 
generally used for portable machines. 

In designing a punch-frame for strength it is necessary to con- 
sider the external forces acting upon it, together with the internal 
stresses due to the externally applied forces. Sections must be 
selected at different places along the frame, and each designed so as 
to give the required working stress in the material, due allowance 
being made for the localization of shrinkage stresses at re-entrant 
angles, and for the general appearance of the machine. 

In general it will be found that for cast iron the sections near 
the punch will have to be made heavier than is necessary for the 
requisite strength in order to obtain walls thick enough to cast 
well in connection with the remainder of the frame. 

The external forces acting on the frame when punching a piece 
of metal have practically the same effect on the material near the 
back part of the throat of the frame as if two opposite forces, both 
coincident with the axis of the punch, were applied to separate the 
jaws. In ordinary construction the centre line of the punch lies 
in a plane dividing the frame into two symmetrical halves. This 
median plane of the frame is parallel to the paper in Fig. 172. 
When the punch is so located, its pressure against the piece to be 
punched has no other tendency than to separate the jaws. 

When used as a shearing-machine, the cat begins near one end 
of the shear-blades and travels across them to the other end as they 
are brought together. Assuming that the blades are set so that 
they are perpendicular to the median plane, it can be seen that at 
the beginning of the cut the pressure against the blades will be to 
one side of the median plane, although approximately parallel to it. 
On account of being to one side of the median plane, the pressure 
against the shears at the beginning of the cut has a tendency to open 
the frame more on one side than the other, and thus cause a tor- 
sional or twisting action upon it in the two parts extending forward 
to form the throat and jaws. When the cut has passed to the 
opposite end of the blades, a similar twisting action occurs, but in 
!;he opposite direction. 
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The frame shonld be of snch a sectional form as win offer the 
greatest resistance to the twisting action just mentioned, as well as 
to the greatest (in ordinary cases) tendency to separate the jaws. 
This can be done, when the frame is cast, by making it of the hollow 
or box form. 

If the shear-blades are placed parallel to the median plane with 
their cutting edges in it, and are sharp, tliere would probably be 
no great force acting on the frame when shearing other than one 
tending to separate the jaws in the same manner as when punching. 
As the blades become dull, however, there is a tendency for them to 
move sidewise relatively to each other, thus inducing a side bending 
action on the parts of the frame forming the jaws, and a twisting 
action on sections back of the throat. The box section is the best 
to resist this action, and is generally used for cast-iron frames. 

The following notation may be used for punch-frames : 

A = total area of section of frame; 
/ = moment of inertia of a section about its gravity axis which is 

normal to the median plane of the frame; 
Ig = moment of inertia, about its gravity axis normal to the median 

plane, of any part of the section ; 
/, = moment of inertia, about the gravity axis of the entire section, 

of any part of the section ; 
P = force necessary to drive punch through the material to be 

perforated ; 
5^ = 7 -h «c = section modulus of the section with regard to com- 
pressive fibre-stress; 
iSi = 7 -T- f t = section modulus of the section with regard to tensile 

fibre-stress; 
a = area of any selected part of the section ; 

b = greatest dimension of any partial section, measured parallel to 
the gravity axis about which the moment of inertia is 
required ; 
d = depth of throat of frame; 
e = distance from line of action of P to gravity axis of section 

under consideration ; 
€c = distance from gravity axis of section to outermost fibre in 
compression; 
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Bt = distance from gravity axis of section to outermost fibre in 

tension ; 
fo = greatest compressive fibre-stress in section; 
ff = greatest tensile fibre-stress in section; 
h = greatest dimension of any partial area measured perpendicalar 

to the gravity axis about which the moment of inertia is 

required ; 
8 = shearing-stress per unit area uniformly distributed over entire 

section ; 
t = tensile stress per unit area uniformly distributed over the 

entire section; 
z = distance between gravity axis of any selected part of the area 

and the gravity axis of entire section. 

147. Stresses in a section perpendicular to the motion of the 
punch. — The stress in the material on the section YZ, Fig. 17'^^ 
taken normal to the pressure P against the punch and die, can be 
determined by considering the portion of the frame above YZ as a 
free body, as shown in Fig. 173. 
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The forces acting on this part of the frame may be taken as 
those due to punching a plate. They are: 

Ist. The pressure P against the punch as it is forced through 
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the piece to be perforated. The line of actiou of P coincides with 
the centre line of the punch. 

2d. The fibre-stress in the material due to the bending actiou 
of 1\ P acts with a lever-arm whose length is the distance d -\- e^ 
from its line of action to the centre of gravity of the section. The 
tensile fibre-stress /^ at F, and the compressive fibre-stress/, at Z^ 
are: 

A = ^^: (187) 

/.= ^^^ (i««) 

3d. A uniformly distributed tensile stress of a value 

t = P-^A 

oyer the entire section. 

By combining the stresses acting on the section YZ it can be 
seen that the maximum total tensile stress per unit area is at Y^ 
and is equal to ft + t* 

The equation for obtaining the total stress is 

Maximum tensile stress )_/.,. P(d -\- e^ P nQCi\ 
on section YZ | - /« + < s, + A' ^^^^> 

Similarly, the maximum total compressive stress per unit area 
on the section YZ is at Zy and is equal to the numerical difference 
otfc and t. Therefore 

Maximum compressive ) _ . P{d-\-ef) P nQn\ 

stress on section YZ ^ "-^^ "" iS^ A' ' ^ ^ 

If the centre of gravity of the section lies midway between J" 
and Z, then/< =/,. Equations (189) and (190) show that if the 
centre of gravity is thus located the maximum tensile stress at Y 
will be greater than the maximum compressive stress at Z by an 
amount equal to 2/ = 2P -t- A, This assumes that the modulus of 
elasticity of the material is the same for tension as for compression. 
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which is practically trae for the materials common to such con- 
struction. 

If a material having eqnal strength in both tension and com-- 
pression is used for the frame, the cross-section should be mad^ 
heavier on the side next the punch or shear-blades in order tha^ 
(/< + t) shall equal (/<, — /), this being the condition for eqn&X 
maximum tensile and compressive stresses. 

For such a material as cast iron, which is much stronger ir coim« 
pression than tension, it becomes necessary for economy of materia] 
to make the section much heavier on Ihe side next the punch than 
at the back. This is done to make (/, + smaller than(/. — /,), 

148. Numerical solution for a section perpendicular to the 
motion of the punch. — This corresponds to the section on YZ in 
Fig. 172. 

Let the work required of the machine be to punch a 1-inch hole 
10 inches from the edge of a plate f of an inch thick, having a 
shearing-strength of 55000 pounds per square inch; also to be 
operated with shear-blades for shearing the same plate. The frame 
to be cast iron. The throat to be 20 inches deep, so as to allow the 
edge of the plate to clear it 1 inch, and to be stressed to practically 
2000 pounds per square inch tension when punching the hole. 

The force P necessary to drive the punch through the plate is 
found by multiplying the shearing-strength of the material by the 
area to be sheared by the punch. The sheared area is that of the 
wall of the hole made by the punch. Whence 

P = 551)00t X IX J = 129600 lbs. 

It can safely be assumed that the force exerted to separate the 
jaws cf the frame will not be so great when shearing as when punch- 
ing the size of hole specified. If the frame is made strong enough 
to oj^erate as a punch, it is therefore only necessary to give it siich 
a form of cross-section as will secure sufficient rigidity againet 
twisting side wise when shearing. 

A drawing of any convenient size, and of a form considered 
suitable for its purpose, may be made for the required section. 
Fig. 174 may be taken as the sectional form selected for this 
problem. The moment of inertia /of this section, and thence its 
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section modulus, may now be found, the scale of the drawing being 
taken as unity (i.e., scale 1 inch = 1 inch). The section thus 
represented in Fig. 174 is not by any means large enough for the 
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required strength but it is not necessary that it shall be, for the 
scale that must be applied to it to obtain the dimensions for the 
requisite strength can be determined by trial, as shown later. 

In Fig. 174 the section has been taken of a simple form in order 
that the calculations for / might be readily made. The actual 
working form should have rounded corners and filleted re-entrant 
angles. 

For convenience in determining /, the section is divided into six 
parts, namely: 

1st. A rectangle Ii\ 

2d. Two similar and equal triangles B and B'; 

3d. Two similar and equal rectangles (7 and C; 

4th. A rectangle 2>. 
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The divisions through the body of the section are indicab 
broken lines. The centre of gravity of each partial area oi 
section is indicated by X . 

In order to determine /, the gravity axis XX of the se 
mast first be located. This can be done conveniently by ti 
moments aboat the line OH^ considering the areas as forces pr 
tional to the areas, whence 

et = 1.305 in. and e^ = 2.195 in. 
For the rectangle R\ 

h = tV^*' = tV X 2.5(.7)" = .0714; 
az^ = 1.75 X (.955)' = 1.596; 
I^= Ig + az' = .0714 + 1.596 = 1.6674. 

For the triangles B and B' : 

Ig = 2x i^hV = T^ff X .2(2.^" = .2439; 
az' = .56(.328)* = .0602; 

/. == .2439 + .0602 = .3041. 
For the rectangles (7 and C: 

az' = 1.04(. 695)* = .5023; 

/, = .5856 + .5023 = 1.0879. 

For the rectangle D: 

/^ = ^JA" = ^X 1.8(.2)" = .0012; 

/^= a«' = .36(2.095)» = 1.6800; 

/,= . 0012 + 1.58 = 1.5812. 
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^or the entire section : 

/= 1.6674 + .3041 + 1.0879 + 1.5812 = 4.6406. 

Ihe section modalas for tension is 

/ 4.6406 _ 
^^ -- 7= T306 - ^'^^^' 

^his is the section modalas for the dimensiona given in Fig. 
. ^ *^» It is clearly too small for the required service. A scale of 
•"^ing must therefore be assamed which will give a larger section. 
^Assame that the drawing Fig. 174 is one ninth size. The 
xxe of 6| for the enlarged section will therefore be 9 x 1.305, and 
.* ^or the same will be (9)' x 3.556, since the section modali of 
^^^^ilar sections are proportional to the cubes of their linear dimen- 
►^8. The area will be (9)' x 3.71. 

The maximum tensile stress in the enlarged section will there- 
be, by equation (189), 

129600(20 + 9 X 1.305) 129600 

•^^ + (9)" X 3.556 "^ (9) X 3.71 

= 1590 + 430 = 2020 lbs. per sq. in. 

This value is practically satisfactory. Therefore by multiply- 

^ig the linear dimensions of Fig. 174 by 9 a section of suitable size 

ay be obtained. The dimensions obtained in this manner should 

\^ modified to agree with shop methods of measurement, of course. 

^^be corners should be rounded and re-entrant angles filleted. This 

>ieed not be done to such an extent as to seriously affect the section 

>nodalus, however. It is often necessary to apply a fractional scale 

\o the drawing, such, for instance, as 9.1, 8.7, etc. 

If the section adopted is of such a form as to make it impossible 
to divide it into geometrical portions, the moment of inertia may be 
found graphically, the gravity axis being located during the 
process.'*' The section modulus can then be readily determined. 

* For finding moment of inertia grapbicallj see appendix, § 6. 
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149. Section parallel to the motion of the punch. — This oorre* 
spends to a section on WX^ Fig. 172. The portion of the frame ta 
the left of WX may be considered a free body, as in Fig. 175. Th» 
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forces and stresses acting on it are indicated in the figure. They 



are: 



1st. The force P, coincident with the centre line of the punch. 

2d. The fibre-stress in the material due to the bending action 
of P. P acts on a lever-arm of length /, measured from the line 
of action of P to the plane of the section. The tensile fibre-stresa 
is at W<t and equals 






(191> 



The compreBsire fibre-stress is at X, and equals 



/o = 



PI 

8/ 



(192) 



3d. A shearing-stress nniformlj distributed over the section. 
The value of this shear per nnit area is 



P 



(193) 



The maximum tension, compression, and shear are found by 
combining the stresses obtained by the last three equations. The 
formulas for maximum tension and compression, as given in works 
on the strength of materials, are: 
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Maximum tension =-^ -f ^ /«* + (^ ] > 



f 
Maximum compression = "^ + 



/•+©■• 



Since the value of « is the same for all parts of the section, the 
**^ximum shear will occur where the fihre-stress due to bending is 
S^eatest. This will be at X if the gravity axis of the section is 
farther from X than from ir. The equation is 



V'-^t' 



Maximum shear = a / «" + K^j . . . . (194) 

The section must, of course, be designed strong enough to resint 

^^th tensioQ and shear. In general, it is not possible to make it 

"^^^ally strong to resist both when such a material as cast iron is 

^^^d. At a section near the punch the shearing-stress may lie the 

'^ixq to fix the proportions, but when the section is taken near the 

^^^<2k of the throat the tensile stress is more apt to l>e the one 

[airing consideration. 

It shoald be noted that for the section WX the leTer-arm / 
'(nains the same length whaterer scale is applied to the drawing 
^^ the section. 

The section WX must hare such dimensions normal to the 
^^^dian jdaiie of the frame as will allow it and the section on YZ to 
^^ jmned together to form the frame. 

In Older to give a symmetrical appearance to the f nuri«, an/i t/> 
"^l^tain a form that will cast welU the sections near the goifJes at the 
^^orking end of the frame are generally nuule much stronger thsn 
^^Icnlations show to be neccasary. 

ISO. Aagvlar seetioA of a puieh'fraae. — A section taken at an 
^Dg^ as flie one on Tl\ Fig. ll'l^ \\aA the f/^llowing f^/rces ai>J 
letiiig upon it. Tbey may be seen by the aid of Fig. 1 T^, 

IflL The foree P doe to the preasore of the paocb against tbe 

' — -in* to the bending aetim of l\ Tfje lerer« 
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arm of P is Z, measured from the line of action of P to the gravity 
axis of the section which is projected as a point at O. The tensile 
fibre-stress at T^ dae to the bending action of P, is 



J*- St' 



(195) 




Fig. 176. 



and the compressive fibre-stress at U, due to the same canse, is 



fc = 



PI 

8/ 



(196) 



3d. A shearing-stress /acting as shown in Fig. 176. The valne 
of / is found by resolving P into two components, / and J, one 
parallel and the other perpendicular to the plane of the section. 
The shear per unit area due to J is 

s = J-T- A. 

4th. A tensile stress T acting normal to the plane of the section. 
The tension per unit area due to T is 

t=T-hA. 
The formulas for maximum stresses are: 



Maximum tension 



2 



V''+(^)"> 
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Max, compression ='-^ 1" \/*' "^" \~9 — ) > 



Maximnm shear = ^^^ + (.^^ or =^««+(A^y. 

For the maximnm shear the greater of the two quantities under 
^Iie radicals is to be used. In many cases a numerical solution is 
Necessary to determine which of these two quantities is the greater. 

This section must have dimensions, normal to the median plane 
^f the frame, intermediate between those of the sections on WX 

*id rz. 

151. General form of a punch-frame. — In designing the frame 
^Oongh sections should be tested to secure a nearly uniform strength 
^liroughont the frame, due allowance beiug made for the fact that 
*le sections near the punch-guides may have to be heavier than is 
finally necessary for strength in order that the frame may have a 
^jmmetrial appearance. The walls of the frame should not be made 
^ thin at any part that they will not cast well in connection with 
the heavier parts. 

On account of the tendency of the shrinkage stresses in a casting 
to be greatest about re-entrant angles, it is generally advisable to 
make the sections bordering on the curve at the back of the throat 
somewhat stronger than those along the straight sides of the jaws. 
When the distance between the jaws is not greater than shown in 
Fig. 172, the back of the throat can be made an arc of a circle, or 
approximately so, as shown in the figure. When the jaws are far 
apart, however, this cannot generally be done well, but the re- 
entrant angles should be well filleted in order to prevent excessive 
shrinkage stresses in the material about them. 

If the frame is made with an open flat bottom, suitable for rest- 
ing on a foundation, the sections along the lower horizontal part, 
referring to Fig. 172, should be tested in the same way as those 
above, unless it is certain that each is at least as strong as the one 
immediately above it. 

In most designs the frame tapers, somewhat in the manner of 
n pyramid, from the guides toward the back of the throat. The 
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thickness HMy Fig. 174, of the rib generallj decreases from the 
throat toward the punch, as indicated in Fig. 172 ; less f reqaently 
it is kept of the same thickness all the way aroand the throat and 
jaws. 

Having obtained the general form of the frame with regard to 
strength and symmetry, the auxiliary parts, such as bearings, etc., 
can be added to complete the frame. 



DIRECT-ACTING HYDRAULIC RIVETER. 

152. A hydraulic riveter is required for driving rivets in boiler- 
plate up to 60 inches wide and y\ of an inch thick, the largest rivet 
to be f of an inch in diameter, corresponding to 0.307 of a square 
inch area. 

Experiments show that a pressure of 160000 pounds per square 
inch on a hot rivet of this diameter will set the rivet and form the $ 
head satisfactorily. The pressure required for this case will there- 
fore be 

0.307 X 160000 = 49120 = 50000 pounds, in round numbers. 

By calling this value 50000 there is no greater deviation from 
the correct value than is shown in the experiments on riveting. 

Fig. 177 is a side elevation of the outlines of the most common 
form of such machines as they are found in practice. The cylinder 
Q contains a piston attached to a piston-rod, one end of which pro- 
jects at 7?, where one of the dies for compressing the rivet and 
forming the head is attached. The piston-rod serves as a ram for 
driving the die. The stationary die is at *S'. 

In order to rivet cylindrical shells of small diameters, such as 
flues, the stake should be made as slender as is possible for the 
required strength, so that the shell can be passed over it for driving 
the rivets in the longitudinal seams when riveting up a single sec- 
tion, and for the circular seams when riveting two sections together. 
It can be made of either a steel forging of rectangular cross-section 
or a steel casting having an I section. 

The frame may be cast iron or a steel casting. Since the over- 
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reach of the riveter, which is the distance it will reach over a plate 
from its edge to drive a rivet, is small, the frame can be so made of 
cast iron as to have sufficient strength without excessive weight. 




Fio. 177. 

The stake and frame are held together by two bolts, one passing 
t)a each side of the stake and through a bar passing over the top. 
This bar, section-lined in the figure, clamps against the top or back 
of the stake. 

The lugs Tand Fare a part of the frame, their office being to 
liold the stake in position. 

In proportioning for strength the stake and frame can be dealt 
with separately, each as a beam supported at the ends and loaded 
eccentrically with a single load. The moment and shear diagrams, 
identical for both, are shown in the figure. 

It will be noticed that the distance from the centre of the dies 
to the plane of the bolt centres is 64 inches, which is 4 inches in 
excess of the distance the centre of the rivet is to be from the edge 
of the widest plate. An examination of the figure shows that about 
this much must be allowed for the Ing and bolts. 

By taking moments about a point 64 inches from the centre line 
of the punch the pressure on the lug V is found. Its value is 

F = (64 -T- 32)50000 = 100000 pounds. 
That on T is 

T = 50000 + 100000 = 150000 pounds. 
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The bending moment is a maximum at the plane of the centre 
lines of the bolts, and equals 

M = 50000 X 64 = 3200000 inch-pounds. 

If the stake has a cross-section fairly thick, measured perpen- 
dicular to the plane of the paper, in proportion to its width, and is 
made of good steel, it will, on account of the length being large in 
proportion to its thickness and width, have fibre-stresses due to 
bending which are large in proportion to the shearing-stress 
uniformly distributed over the section. Under such conditions the 
shear can be neglected, and the stake designed to resist the stresses 
due to bending only. This is in accordance with the common 
method of dealing with beams whose height is small in proportion 
to their length. In general, the stake should taper from its maxi- 
mum sectional dimensions at the bolts, growing smaller in both 
dimensions toward both ends. The thickness is generally reduced 
uniformly, but the height changes more rapidly as the distance from 
the largest part increases. 

There should always be sufficient thickness to prevent the upper 
or stake die from springing sidewise to such an extent as to make 
the head of the rivet objectionably eccentric with the body. 

The frame may be of either a solid I section or hollow. In 
either case the bending moment and shear can both be dealt with 
in the same manner as for the section WX of the punching and 
shearing machine. 

The bolts must be tightened with a combined initial tension 
somewhat greater than that which is thrown upon them when a 
rivet is driven, in order to prevent the springing apart of the stake 
and lug. The lug T^ therefore, must resist in this case a compres- 
sion somewhat greater than 150000 pounds. The lag V must, of 
course, resist a compression of 100000 pounds. 

The frame may either stand as in the figure, suitable flanges 
being provided for resting upon a foundation, or it may be placed 
with the axis of the cylinder vertical. The nature of the service 
required of the machine is the determining factor for the position 
in which it shall be placed. 



CHAPTER XIV. 

SELECTION OF MATERIALS. 

153. In selecting materials for machine parts, the properties 
that mnst most commonly be considered with regard to their adapt- 
ability are as follows: strength, resilience, stiffness, coefficient of 
friction, durability, convenience and cost of working into the 
required form, and cost of the material as found on the market in 
the merchantable form. It is seldom that all of these properties 
Heed to be taken into account when deciding upon the material for 
any given machine-member. 

A few examples may serve to show more clearly than any other 
means how the qualities have to be taken into account. 

In an ordinary engine-lathe the bed is of a somewhat compli- 

oated form, having ribs, sometimes hollow, extending from side to 

^ide, bosses and other raised places for attaching parts, and the 

sides are ordinarily flanged or ribbed at both top and bottom in 

^rder to give rigidity. This complication at once sets forth the 

necessity of making the bed of some material that can be cast in 

moulds. There are only two materials, whose cost is such as to allow 

them to be used for such purposes, that can be formed by casting, 

namely, cast iron and steel. Cast iron is much the cheaper of the 

two, and can be planed and otherwise machined much more readily 

and, consequently, more cheaply than steel. It is a much weaker 

material than steel and is not so stiff. These two qualities 

apparently make it objectionable, but this is really not the case on 

account of the following reasons: In order for a lathe tool to take 

a broad cut when removing only a thin turning from the surface of 

the piece worked upon, it is necessary for the lathe-bed to be both 

rigid and heavy, so as to prevent the tool from springing away from 

its work and " chattering " against it; the mass of metal in the bed 

has mnch to do in the prevention of the small vibrations that 

831 
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cause the chattering. Therefore the mass of metal necessary to 
hold the tool steady for wide cats will make the lathe strong and 
stif^ enough for the heaviest cuts that the driving mechanism of the 
lathe can carry. Cast iron, therefore, in comparison with steel, has 
for the lathe-bed the advantage in cost and ease of machining, 
while its lower strength and moduli of elasticity are of small con- 
sideration, on account of the mass of metal to be used; clearly, cast 
iron is the best material for the purpose. 

Even if the vibration of the tool had not been an item in the 
conditions above, the cast iron would have still been the best 
material on account of its softness making it easy to machine as 
well as the low cost of the raw material, both together making the 
finished product much less costly in cast iron than in steel. This 
is also true of numerous other machine-tool parts and machines. 

The spindle or arbor of an ordinary engine-lathe rests in two 
bearings supported by the head-stock, and is driven by a gear 
attached to it near the bearing next to the face-plate or live-centre, 
as the case may be. A stepped pulley occupies all or most of the 
remaining length of the part of the spindle which lies between the 
bearings. When the lathe is working, all the power transmitted 
to overcome the resistance of the cutting edge of the tool must 
pass through the part of the spindle lying in the bearing just 
back of the face-plate, thus causing a torsional moment in the 
spindle. In order to withstand this twisting moment, and at the 
same time the weight of the face-plate and the work upon it 
or the centres, the spindle, unless large in diameter, must be made 
of some strong material, which should also be resilient in order to 
withstand any of the shocks that are apt to occur accidentally. By 
keeping the spindle small the frictional loss in the head-stock bear- 
ings is kept down, and there is probably less liability to cutting and 
seizing of the journal by the bearings when running at high speeds. 
There is also less frictional loss between the bearing surfaces of the 
stepped pulley and spindle when the latter is not larger than is 
necessary to give ample bearing surface. The best material for the 
spindle is, therefore, a moderately hard machine steel, used without 
hardening. In case great accuracy and very little wear of the bear- 
ing surfaces are desired, wrought iron or very low carbon steel 
can be used by case-hardening and then grinding to form in an 
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emery grinding machine. This is the method frequently nsed in 
making milling-machine arbors. 

In very heavy lathes, sach as are used for taming locomotive 
drive-wheels, shafts for ocean vessels, or heavy ordnance, many 
designs have the driving-cone and back-gears placed on shafts serv- 
ing to snpport them only, and the spindle is driven by a pinion 
meshing in a gear attached directly to the face-plate. By this . 
means the spindle is relieved of all duty except supporting the face- 
plate and the load upon it or the live-centre. Since there is no 
torsional force to be resisted by the spindle, and furthermore 
because such lathes run at moderate speeds, the spindle can be 
enlarged and made of a weaker material than steel. Cast iron is 
found to give good service in such cases when made much larger 
than would be necessary for steel, lightness and rigidity being 
secured by making the spindle hollow. The large diameter gives a 
low pressure per unit area upon the bearing surfaces and, with 
proper care during the early life of the machine, they become 
glazed and wear well, even when the bearing as well as the spindle 
is of cast iron. The cost is much less for such a spindle of cast iron 
than for steel, even when the diameter is kept down with the latter. 

In general, a steel lathe-spindle does not run satisfactorily upon 
cast iron, and since the head-stock of a lathe is almost invariably 
made of this material, it is necessary to provide some other material 
lor the bearing surface upon which the journal of a steel spindle 
runs. In this case the material of the boxes is selected with regard 
to its coefficient of friction, durability in resisting frictional abrasion 
and wear, and possibly cost. The last item is generally not a very 
important one, however, since there is a comparatively small amount 
of material in them ; brass, bronze, Babbitt meti^l, or some of the 
alloys resembling some one of them are the materials commonly 
chosen. Brass and bronze are more expensive, but they give a 
better and more finished appearance to the machine than Babbitt's 
or similar alloys which are used as linings for a cast-iron shell. 
The cost is far less for these metal linings with cast-iron casings 
than for brass or bronze. 

In many cases the conditions to be fulfilled indicate clearly the 
necessary material; thus a spring that must have considerable 
strength and resilience must be made of steel containing enough 



334 FORM, STRENGTH, AND PROPORTIONS OF PARTS. 

carbon to canse it to harden and temper under proper heat treat-* 
ment, or it must be made of brass or some similar alloy; in the 
general case, therefore, there are narrow limits to choose between. 
As soon as the purpose of the spring is defined, as for car- or 
wagon-springs, the cost immediately limits the selection to a single 
choice, steel being the only material admissible. 

Hydraulic presses when made of cast iron allow the water to 
percolate through the walls of the cylinder when subjected to high 
pressures. This was formerly a source of great trouble, and yarious 
devices were invented to overcome it, one being to line the cylinder 
with copper, brass, or bronze. When steel castings came to be 
successfully made, it was found that they were water-tight even 
under pressures much higher than had been attempted with the cast 
iron. Naturally the material to be selected for a high-pressure 
hydraulic press is steel, the selection in this case being based mainly 
upon the density and consequent water-tightness of the metal, 
although the greater strength is a considerable factor, these two 
more than overbalancing the increased cost due to the higher price 
of steel castings and the more expensive work of machining. 
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APPENDIX. 



A. Sevelopmeot of equations for an angular-thread Mrev. — 
Fig. 178 shows a portion of an angular-thread screw of which HH' 




Fio. 178. 



is the mean helix, and KK' a tangent to it at Y. Y\f> a point on 
HH', and VY is parallel to the axis of the screw. VY may be 
taken as representing an elementary force acting on the thread 
at Y. G'Y is the position of the generating-line when passing 
through the point 1'; the angle of 0'1'with the radial line R'Y 
is ft. R'Y is, of coarse, normal to the axis XX of the screw. 

The elementary force Fl'may be resolved into two forces, one 
radial along OR', and the other along the line WY, normal to G'Y 
and lying in the axial plane containing Q'Y a^AR'Y. The radinl 

837 
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component is ann ailed, so far as forces external to the screw are 
concerned, by the radial component of the elementary force corre- 
sponding to VYj and lying diametrically opposite it; therefore the 
radial component does not need further consideration. 

The component acting along WY is held in eqailibriam by two 
forces, one (^Vl ) normal to the surface of the thread, and the other 
(not shown in the figure) perpendicular to the axial plane through 
V (i.e., perpendicular to the plane containing O'V and R'Y). 
This latter force is the one which, acting with a lever-arm equal to 
the radius of the mean helix, tends to produce rotation of the screw. 

In order to determine the relative values of this rotative force 
and that along WY it is necessary to know the value of the angle 
a = angle NYWm terms of the thread-angle ft and the helix- 
angle 0, {0 \% tlie angle between KK' and a normal to the axial 
plane through Y,) 

To facilitate the determination of the value of a, the spherical 
triangle GRTmdkyhe formed by extending YO' and YR\ In this 
triangle the side g = 90'' and ft are known, as well as the solid 
angle R along RYy which equals 90° + d. The angles O and K 
are each less than 90°. 

The line NY is normal to the plane KYO^ and since OY \^ the 
intersection of this plane with the axial plane RYOj a is the com- 
plement of the solid angle (?, or a = (90° — G). 

The determination of the value of a in terms of 6 and /? is as 
follows : 

cos r = cos g cos /3 -^sin g sm /3 cos R 

= cos 90° cos /? + sin 90° sin /? cos (90° -f 6) 
= + sin ft sin (197) 



and 



. ,, sin R . ^.o sin (90° + ^) 

sm G = sm a — = sni 90 — — ^ — - - 

sin r |/i _ cos' r 

►Substituting the value of cos r given in equation (197) gives 

cos 8 



sin G = 



Vl - sin' ft sin' O' 
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By trigonometrical relations 



, ^ Vl- Bin* G 

cot O = -. 7^ 

sm G 



V'- 


1 


cos' 6/ 


vv 


— sin' /3 sin 


1*61^ 


Vi- 


sin* 


/i sin' 6 - 


cos'^ 



Vl - sin' /? sin' 6 
cos 6^ 



cos ^ 

This reduces to 

cot G = tan ^ cos /3 = tan a (l^S) 

The relation between the force VY and the turning force 
through Kaud normal to the axial plane BYG is as follows: 

The force WY= FJ'sec /3^ and the turning force = fTJ'tan 
{a + 0)t in which is the friction-angle. Therefore 

Turning force = VY sec /3 tan (a -f- 0) 

= FF sec /? ^^^ ^ + tan ^ 

1 — tan flf tan 0* 

And by substituting the v^alue of a given in equation (198) 

m^ . . T-ir ^ tan 6^ cos /? + tan 

Turning force = T i sec p ^rr — ^ 

° 1 — tan c/ cos p tan 

__ tan + sec /3 tan 

"~ 1 — tan cos >^ tan 0' 

By adding together all the elementary forces VY and calling 
their sum T= tension in bolt, the total turning force i^ becomes 

^ tan -\- sec /3 tan 
"" 1 — tan cos /? tan 0. 
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B. Graphical determination of the moment of inertia of a plane 
area. Approximate method. — In the numerical solntion given in 
§ 148 it can be seen that the /„ of the rectangle li (referring to 
Fig. 174) is made np of the sum of two quantities, one of which is 
the moment of inertia Ig of the rectangle about its own gravity axis, 
and the other the product az^ of the area of the rectangle R by the 
square of the distance of its centre of gravity from the gravity axis 
XX of the entire plane area. If the rectangle if were very narrow, 
as measured perpendicular to the gravity axis XXy its Ig would 
become so small as to be negligible for practical purposes. Its Ij^ 
would therefore practically be equal to az*. The graphical solution 
which follows is a method of finding the sum of all the az*^s for the 
small areas into which a given plane area may be divided. 

In Fig. 179 A is the plane section whose approximate moment 
of inertia about its gravity axis normal to the centre line of the 
area is required. This approximate moment of inertia will be given 
the same symbol /^^ as the accurate moment of inertia about the 
gravity axis. 

Divide the section A into a number of thin strips, 1, 2, 3, 4, ... , 
13, 14, parallel to the gravity axis about which the moment of 
inertia is to be determined. The dotted lines indicate the divisions 
In Fig. 179 these strips are made somewhat wide in order to secure 
sufficient space for lettering and to make the drawing clear. For 
very accurate work they should be made narrower. These strips 
may be of the same or different widths. The position of the centre 
of gravity of each strip may now be estimated, and a line drawn 
through it parallel to the gravity axis about which /„ is to be found. 
The same can also be done for all the other strips. The area of 
strip 1 may now be represented by a line AB parallel to the given 
direction of the gravity axis. The line through the centre of 
gravity of strip 1, whose area is represented by the vector A By is 
indicated by the letters ab written on opposite sides of the line. In 
the same manner be is the line through the centre of gravity of 
strip 2, and BO the vector representing the area of 2. BC is a 
continuation of AB. By proceeding in this manner for all the 
strips, the line AOy which is the vector representing the entire area 
of the section Ay is obtained. 

Select a point P at a distance iA from the line A 0, and from 
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it draw nye to the poiats A, B, C, . . . , S, 0. One position of 
P maj be readily located b; drawing lines from A and 0, each 




makiog an angle of 45° with A0\ tbeir intersection detertninee one 
poaitinn of P. 
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From any point a' on ah draw a'X parallel to AP^ and of 
indefinite length; from a' also draw a'V parallel to BP^ intersect- 
ing he at V \ through V draw h'c' parallel to CjP, intersecting cd 
at c'\ through c' draw c'd' parallel to DP^ intersecting de at d\ 
Continuing this operation, n'X\% finally drawn through n' parallel 
to OP, intersecting a' X at X. The point X lies on the gravity 
axis of the entire section which is parallel to the strips into which 
the area was first divided. The gravity axis is therefore determined 
by drawing XX' perpendicular to the centre line of the area. (The 
proof that JT determines the gravity axis is similar to that for find- 
ing a point through which the resultant of a number of parallel 
forces passes. It does not seem necessary to give it here.) 

Extend a'V to intersect XX' at q. The triangles a' Xq and 
PAB are similar, since their sides are parallel by construction. The 
altitude of a'Xq is z,; that of PAB is \A0. 

Therefore 

(^^):(.r(?) = (i^O):.,; 
whence 

(AB)z, = iiAO){Jrq). 
By multiplying both sides of this equation by z^ it becomes 

{AB)z,* = {AO){iXqXz,). 

In this last equation the first member {AB)z* corresponds to 
the required product represented by the general expression az* for 
the strip under consideration; AO represents the entire area of the 
given section; and iXq X z^ equals the area of the triangle a'Xq. 
Therefore for strip 1 

Approximate /, = (area of given section) x (area of triangle a'Xq). 

In the same manner it may be shown for the strip 2 that its 
approximate /, = (area of total section) x (area of triangle b'qr)^ 

and so on for all the strips into which the given section is divided. 
The sum of the areas of all the triangles of a nature similar to 
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a'Xq and Vqr eqoalB the area of the f unicnlar polygon J9, shaded 
in the figare. Therefore for the entire section A^ 

Approx. / = (area of giyen section) x (area of f anicnlar polygon) 
= (area A) x (area B). 

Both of these areas can be conveniently measured with a pla- 
nimeter. 

In a manner similar to the aboTe it may be shown that the 
moment of inertia of the section A about any axis YY' parallel ta 
XX' is 

Approximate /, = (area A) x (area a'h'c' . . . m'n'vsa'). 

The points «, /, and u are obtained by prolonging a'zy a'q^ and 
flV to intersect YY'. 
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ADti-frietion caire, 58 

Bearing allojs, tests of, 40. 41, 42 
Bearings and labriestion, 1 
Bearings, collar, M 
eonkal, 74 
fibie-graphite, 37 
friction of, 43 
relative length of, 13 
roller-, 68 
roller thrust-, 72 
special forms of, 73 
thmst-, 64 

for engine cross-head, 12 
lathe head-stock, 22 
spindle, 333 
tool- rests. 10 
planer-saddles, 10 
rectilinear motion, 1 
rotary motion, 14 
shaper-ram. 8, 9 
Belts, coefficient of friction for leather. 119 
cotton. 126 

diameters of pullers for, 124 
effect of relative positions of pulleys on, 128 
efficiency of flat. 130 
elongation of leather, 120 
equations for power-transmission by flat, 102 

leatber-link. 127 

pull of leather, 122 

'•'^bide. etc. . 125 

'^bber. 126 

^»PPage of leather, 119 

•P«c>*l system of, 129 ^45 



346 INDEX. 

Belts, strength of fastenings, 121 
tension in, 118 
thickness of leather, 125 
velocity of leather, 122 
wear of leather, 128 
weight of leather, 125 
working-strength of leather, 120 
for power-transmission, 102 
very high speed, 123 
Bevel-gears, 98 

efficiency of, 104 
friction of, 109 
strength of teeth, 98 
wear of, 108 
Blanton patent fastening. 205 
Bolt-heads, proportions of, 188 
Brake, friction-, 285 
Prony, 240 
strap, 289 

Calking riveted joints, 286 
Cap-screw, 185 

Clutch-couplings, positive, 284 
Coefficient of friction. 43 

for cotton rope, 141 
journals, 89 
Manila rope, 141 
non-metallic ropes, 141 
rawhide rope, 141 
Collar-bearings, 64 

tables of working pressures, etc., 66, 67 
Collar-friction of screws, 154 
Coupling for shafts. Sellers, 232 

split-sleeve. 282 
multiple-ring friction-, 287 
Couplings, coefficient of friction for, 289 
cone friction-, 285 
expansion-, 284 
materials for friction-, 289 
packing for pipe-, 282 
positive clutch-, 234 
for pipes, 282 

riveted, 284 
shafts, flexible, 288 
rigid, 231 
Crank-pin, lubrication of, 81 
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Crown friction-gears, 110 
Curve of constant tangent, 58 
Cylinders, bursting tests of, 276 

gaskets for, 278 

tension in thick, 275 

tension in thin, 273 

tests of cast-iron, 278 

Engine cross-head guides, 12 

Factor of safety for tooth-gears, 96 
Fibre gearing, 96 
graphite, 87 
Flanges for pipes, 282 
Fly-wheel, built-up plate, 262 

kinetic energy of, 244 
moment of inertia of, 244, 250 
numerical solution, 248, 249 
overhung, 270 
sectional -rim, 257 
stresses in. 252. 256 
wire- wound, 263 
with composite arms. 262 
tangent-arms, 262 
Fly-wheels, 248 

bursting tests of, 258 
designs from practice, 265 
special forms, 263 
Forced fits, 207 

allowance for, 211 
data from practice, 212-215 
stresses in parts, 207 
for heavy parts, 210 
lubrication, 55 
Friction bevel-gears, 109 

of journal-bearings, 89 
screw-collars, 154 
square- thread screws, 157 
Friction-brake, 235 

Prony, 240 
strap, 239 
Friction«coupling, multiple-ring, 237 
Friction-couplings, coefficient of friction, 239 

cone, 235 
materials for, 239 
Friction-gears, 104 

coefficient of friction of, 104 
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Friction-gears, crown, 110 

cylindrical, 104 
efficiency of. 108 

grooved, 108 

for variable speed, 110, 111 

Gaskets, 278, 282 
Gears, bevel, 98 

coefficient of friction for friction-, 104 
efficiency of bevel-, 104 
friction-, 108 
spur-, 97 
factor of safety of, 96 
fibre, 96 

grooved friction-, 108 
material for mortise-, 96 
mortise-, 94 
rawhide, 96 
screw-, 166 
teeth of, 75 
wear of bevel-, 103 
Gear-teeth, breaking loads for, 89 
buttressed, 92 

diagrams for relative strength, 80, 82, 88, 84, 85 
formulas for strength of, 87, 90 
method of strengthening, 91 
pressure on, 76 
short, 93 
shrouded, 92 

working loads for short, 94 
Grooved friction-gears, 108 

Hydraulic press, material for, 334 
riveter, 328 

Journal-bearing, adjustable, 17 

cylindrical, 15 
for rod end, 20 
self Signing. 21, 28, 24 
with collars, 21 
with conical box, 19 
with eccentric sleeves, 18 
Joamal-bearings, 14 

effect of changing proportions of, 45 

friction of, 39 

lubrication of, 24 

materials for, 84 
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Jonmal-bearings, pressure on, 28 

problem in design of, 48 
proportions of, 46 
rubbing surfaces of, 27 
submerged, 89 
working pressures of, 49 
Journal-boxes, Babbitt metal, 85 

brass or bronze, 85 
cast-iron, 86 
fibre-graphite, 87 
hardened-steel, 87 
natural mineral, 88 
Journals, cast-iron, 87 

hardened-steel, 87 
rolling or burnishing, 27 
seizure of, 13 

Kejs, 201 

Blanton patent fastening, 205 

eccentric, 205 

feather, 202 

flat, 201 

roller, 205 

square, 202, 208 

Lathe-bed, material for, 881 
Lathe-spindle, 882 
Lathe-wajs, angle of, 8 

or - V's, 1 
Lubrication of crank-pin, 81 

journal-bearings, 24 
non-metallic ropes, 143 
reciprocating journal, 88 
rotating pulley, 80 
step-bearings, 52, 54, 55 
with oilbath, 26 
oil-pad, 26 
oil-ring or -chain, 29 
wicking, 80 
special devices for, 29 

Machine bolt, 185 

Materials, general properties of, tables, 885, 886 

selection of, 881 
Moment of inertia by g^phical method, 840 
Mortise-gearing, 94 

Nut-locks, 198 
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Oil-bath lubrication, 26 
Oil-pad lubrication » 26 

Packing, 278, 282 

Pins, cylindrical and taper, 204 

Pipe-couplings, 282 

expansion, 284 
packing for, 282 
riveted, 284 
Pipe-flanges, 282 
Pipes, bursting tests of, 276 
special forms of, 281 
spiral riveted, 282 
Pivot-bearings, conical, 56 
Planer-saddle bearings, 10 
Planer- wajs, flat, 4 

lubrication of, 5 
or -V's, 1 
special form, 5 
Prony brake, 240 
Pulley, sectional-rim, 257 

Walker differential, 148 
with composite arms, 262 
Pulleys, 248 

designs from practice, 265 
diameters of, 124 
dimensions of, tables, 264, 265 
effect of, upon ropes, 145 
for ropes, 144 

wire ropes, 148 
grooves for ropes, 186 
idler-, for ropes, 140 
lubrication of, 80 
special forms, 263 
with tangent-arms, 262 
Punching, effect of. 299 
Punching-machine, 815 

form of frame, 827 
stresses in frame, 818 

Rawhide gearing, 96 
Riveted joints, 286 

bending of plates, 801 

efficiency of, 298 

examples from practice, 301-814 

faulty construction of, 800 
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Rireted Joints, grooving of, 800 
margin, 291 
overlap, 291 
pitch of rivets, 291 
preparation of plates, 299 
single^riveted, 292 
stress in, 801 
Rivets, pitch of, 295 
size of, 295 
strength of, 298 
Roller-bearings, 08 

angle of conical rollers, 73 
coefficient of friction of, 71, 78 
roller for, 70 
tests of, 71 

with conical rollers, 72 
Roller thmst-bearing, 72 
Rope belting, efficiency of, 145 
Ropes, coefficient of friction, 141 
diameter of, 144 

pulleys for, 144 
effect of position of pulleys upon, 145 
equations for power-transmission, 184 
for power-transmission, 181 
grooves for, 140 

non-metallic, 186 
idler-pulleys for, 140 
lubrication of non-metallic, 148 
speed of, 142 

strength of non-metallic, 142 
tension with varying loads, 182 
unequal driving of, 188 
water-proof coating for, 148 
wear of non-metallic, 148 
weight of, 144 
wire, 145 

distance between pulleys, 147 

distance between supports, 146 

pulleys for, 148 

sheaves for, 148 

size. 8)>ee(I, and power transmitted, 146 

Schiele's anti-frictl«»n curvi*. 58 
Screw-bolt, cfTtMt of Um* tlima»K 198 
Screw-bolls, oinlu i «»«*«» «»f» iWW 
HtriM»wih «»f» tW5 
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Screw-bolts, strengtbenlDg by reducing diameter of bodj, 200 
Screw-fastenings, 181 
Screw-gears, 166 

coefficient of friction of, 180 
efficiency of, 178, 179 
strength of, 178 
taming force, 178 
Screw-tbread, angnlar, 887 
buttress, 184 
cold-rolled, 199 
self-locking, 194 
square, 185 
undercut, 195 
Wbitwortb, 184 
Screw-threads, forms of, 181 

pitch of, 182 

proportions of U.S. Standard, 182 
Screws, angular-thread, 168 

application of formula for maximum stress in, 162 
coefficient of friction of, 157 
collar- friction of, 154 
design of, 159 

efficiency of angular- thread, 165 
square-thread, 156 
for power-transmission, 150 
maximum stress in, 161 
pitch of, 151 
square-thread, 152 
turning moment and axial force, 152, 154 

in angular-thread, 168 
Self-aligning bearing, 21 
Set-screws, 188 

for pulleys. 192 
holding power of, 189 
Shaft-coupling, Sellers, 282 
Shaft couplings, flexible, 288 

rigid, 281 
split sleeve, 282 
Shafts, bending-strength of, 220 
combined stresses in, 228 
deflection of, 228 
effect of hub on, 222 
experiments for endurance of round, 229 
hollow round, 228 

strength of, 218 
other than round, 281 
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SUafts, overhanging, single force, 226 
strength of round, 217 
sabjected to more than one force, 224 

shocks, 228 
twist of, 219 
Shaper-ram bearing, 8 
Shearing, effect of, 299 
Shearing-machine, 815 

form of frame, 827 
stresses in frame, 818 
Shrinkage-fit, numerical example, 210 
Shrinkage-fits, 207 

allowance for, 211 
for heavy parts, 210 
stresses in parts, 207 
Speed of ropes, 142 
Spur-gears, 75 

Steel and iron, properties of, 885, 886 
Step-bearings, 51 

lubrication of, 52 
water-lubrication of, 54 
Strap brake. 289 

Strength of non-metallic ropes, 142 
Stud-bolts, 185 

Thrust- bearings, 64 
Thrust- bearing with conical rollers, 72 
Toothed gears, strength of teeth, 75 
Tractrix, 58 

co-ordinates for, 63 
Tract rix-bearing, wear of, 59 
Tubing, bursting tests of, 276, 277 

V bearings, 1 

angle of, 8, 4 
pressure on, 8 

Wire ropes, 145 

Worm and wheel, 166 

double, 167 

efficiency of, 172, 174. 175, 176 

Hindley, 177 
pitch of. 171 

speeds and pressures, 178 
strengtli of, 166 
tests of, 171 

thrust- bearings for, 174 
turning force and efficiency of, 167 
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Greene's Arches in Wood, etc 8vo, 2 50 

Bridge Trusses 8vo, 2 50 

Roof Trusses :.; ...8vo, 1 25 

Howe's Treatise on Arches ^. , 8to, 4 00 

Johnson's Modern Framed Structures Small 4to, 10 00 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part L, Stresses 8vo, 2 50 

, ^ /riman & Jacoby's Text-book of Roofs and Bridges. 

PartlL. Graphic Statics 8vo, 2 50 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part III.. Bridge Design Svo, 2 50 

Merriman & Jacoby's Text-book of Roofs and Bridges. 

Part IV., Continuous, Draw, Cantilever, Suspensiou, and 

Arched Bridges. Svo, 2 50 

* Morison's The Memphis Bridge Oblong 4to, 10 00 

Waddell'slrou Highway Bridges.. «. ^.,«4 ; . . .8vo, -4 00 

** De Poutibus (a Pocket-book for Bridge Engineers). 

■ lOmo, morocco, 8 00 

Wood's Construction of BtidgeiT and Roofs. . i '. ' '. . .Svo," 2 00 

Wright's Designing of Draw Spans: f^artft'I. at»d'II..8vo; eaeh' 2 60 

" " " •• "f . Complet^.i ,• 8to, 8 60 
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CHEMISTRY. 

QuAUTATiVK — Quantitative— Organic— Inorganic, Etc. 

Adriauce's Labpratory CalculutioDS 12mo, 91 36 

Allen's Tables for Irou Analysis 8vo, 8 00 

Austen's Notes for Chemical Students 12mo» 1 60 

Bolton's Student's Guide in Quantitative Analysis 8vo, 1 60 

Classen's Analysis by Electrolysis. (Herrick and BoltwoodO.Bvo^ 8 00 

Crafts's Qualitative Analysis. (Scbaeffer.) 12mo, 1 60 

Drecbscl's Chemical Reactions. (Merrill.) 12mo, 1 36 

Fresenius's Quantitative Chemical Analysis. (Allen.) 8vo, 6 00 

Qualitative ** /* (Johnson.) Svo, 8 00 

(Wells.) Trans. 

16th German Edition Bvo, 6 00 

Fuertes's Water and Public Health 12mo, 1 60 

Gill's Gas and Fuel Analysis 12mo, 1 25 

Hammarsten's Physiological Chemistry. (Mandel.) Bvo, 4 00 

Helm's Principles of Mathematical Chemistry. (Morgan). 12mo, 160 

Eolbe*s Inorganic Chemistry 12mo, 1 60 

Ladd's Quantitative Chemical Analysis. 12mo, 1 00 

Landauer's Spectrum Analysis. (Tingle. ) Bvo, 8 00 

LOb's Electrolysis and Electrosyn thesis of Organic Compounds. 

(Loreuz. ) 12mo, 1 00 

Handel's Bio-chemical Laboratory 12mo, 1 60 

Mason's Water-supply Bvo, 6 00 

" Examiuation of Water. (In Vie pres9,) 

Miller's Chemical Physics Bvo, 2 00 

Mixter's Elementary Text-book of Chemistry 12mo, 1 60 

Morgan's The Theory of Solutions and its Results 12mo, 1 00 

Nichols's Water-supply (Chemical and Sanitary). Bvo, 2 60 

O'Brine's Laboratory Guide to Chemical Analysis Bvo, 2 00 

Perkins's Qualitative Analysis 12mo, 1 00 

Pinner's Organic Chemistry. (Austen.) 12mo, 160 

Poole's Calorific Power of Fuels Bvo, 8 00 

Rickctts and Russell's Notes on Inorganic Chemistry (Non- 

metallic) Oblong Bvo. morocco, 76 

Ruddiman's Incompatibilities in Prescriptions Bvo, 2 00 

Schimpf's Volumetric Analysis 12mo, 2 60 

S[)ciicer's Sugar Manufacturer's Handbook. 16mo, morocco flaps, 2 00 
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Church's Mechanics of EDgineeriug— Solids fmd Flifi^. .. .8to, 

" Notes and Examples in Mechanics 8to, 

Crandall's Earthwork Tables 8va 

* ' The Transition Curve 16ino, morocco 

*Dre<lge's Penn. Railroad Construction, etc. . . Folio, half mor. 

* Drinker's Tunnelling 4to, half morocco, 

Eissler's Explosives — Nitroglycerine and Dynamite Svo, 

Folwell's Sewerage 3vo 

Fowler's Coffer-dam Process for Piers . . Svo 

Gerhard's Sanitary House Inspection 12mo 

Godwin's Railroad Engineer's Field-book .16mo» morocco 

Gore's Elements of Geodesy 8vo 

Howard's Transition Curve Field-book 13mo» morocco flap 

Howe's Retaining Walls (New Edition.) 12mo 

Hudson's Excavation Tables. Vol. II 8vo 

Hutton's Mechanical Engineering of Power Plants 8vo, 

Johnson's Materials of Construction Large 8vo, 

Stadia Reduction Diagram. .Sheet, 22^ X 28i inches 

Theory and Practice of Surveying Small 8vo 

Kent's Mechanical Engineer's Pocket-book 16mo, morocco 

Eiersted's Sewage Disposal 12mo 

Mahan's Civil Engineering. (Wood.) 8vo, 

Merriman and Brook's Handbook for Surveyors. . . .16mo, mor. 

Merriman's Geodetic Surveying 8vo, 

Retaining Walls and Masonry Dams 8vo 

Sanitary Engineering 8vo 

Nagle's Manual for Railroad Engineers 16mo, morocco, 

Patton's Civil Engineering Svo 

" Foundations Svo 

Pratt and Alden's Street-railway Road-beds. Svo, 

Rockwell's Roads and Pavements in France 12mo 

Ruffner's Non-tidal Rivers Svo, 

Searles's Field Engineering 16mo, morocco flaps 

" Railroad Spiral 16mo, morocco flaps 

Siebert and Biggin's Modern Stone Cutting and Idasonry. . .Svo 

Smart's Engineering Laboratory Practice 12mo 

Smith's Wire Manufacture and Uses .Small 4to, 

Spalding's Roads and Pavements 12mo, 

S 
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t6 00 
2 00 
1 GO 

1 50 
20 00 
25 00 

400 
8 00 

2 50 

1 00 

2 50 
2 50 
1 50 
1 25 
1 00 
500 
600 

GO 

4 00 
500 

1 25 

5 00 

2 00 
2 00 
2 00 
2 00 
8 00 

7 50 
500 
200 
1 25 
1 25 

8 00 
1 50 

1 50 

2 50 
800 
2 00 



92 00 


1 50 


5 00 


500 


25 


2 00 


2 50 


800 


6 00 


6 50 


2 50 


1 00 


5 00 


5 00 


4 00 



Spalding's Hydraulic Cement , 12mo, 

Taylor's Prismoidal Fonnulas and Earthwork 8to, 

Thurston's Materials of Construction 9vo, 

* Trautwiuo's Civil Engineer's Pocket-book... lOmo, mor. llaps, 

* " Cross-section Sheet, 

* " Excavations and Embankments 8to, 

* " Laying Out Curves 12mo, morocco, 

Waddcirs De Poniibus (A Pocket-book for Bridge Engineers). 

16mo, morocco, 

Wait's Engineering and Architectural Jurisprudence 8vo, 

Sheep^ 

" Law of Field Operation in Engineering, etc 8vo. 

Warren's Stereotomy— Stone-cutting 8vo» 

Webb's Engineering Instruments 16mo, morocco, 

Wegmann's Construction of Masonry DumA Ho, 

Welliuglon's Locution of Railways Svo, 

Wheeler's Civil Engineering 8vo, 

Wolff's Windmill as a Prime Mover 8vo, 8 00 



HYDRAULICS. 

Water-wheels— Windmills — Service Pipe— Draikagb, Etc. 

{See also Enoineerino, p. 7. ) 

Bazin's Experiments upon the Contraction of the Liquid Vein. 

(Trauiwiue.) 8vo, 2 00 

Bovey 's Treatise on Hydraulics 8vo, 4 00 

Coffin's Gmpbical Solution of Hydraulic Problems, 12mo, 2 50 

Ferrel's Treatise on the Winds, Cyclones, and Tornadoes. . .bvo, 4 00 

Fuertes's Water and Public Health 12mo. 1 SO 

Ganguillet & Kutter's Flow of Water. (Hering & Trautwiue.) 

8vo, 4 00 

Hazen's Filtration of Public Water Supply 8vo, 2 00 

Herschel's 115 Experiments 8vo, 2 00 

Kiersted's Sewage Disposal 12mo, 1 25 

Mjisou's Water Supply 8vo, 6 00 

Merriman's Treatise on Hydraulics 8vo, 4 00 

Nichols's Water Supply (Chemical and Sanitary) 8vo. 2 50 

Ruffner's Improvement for Non-tidal Rivers 8vo, 1 25 

Wegmann's Water Supply of the City of New York 4to. 10 00 

Weisbucb's Hydraulics. (Du Bois.) 8vo, 5 00 

Wilson's Irrigation Engineering 8vo, 4 00 

Hydraulic and Placer Mining 12mo, 2 00 

Wolff's Windmill as a Prime Mover 8vo, 8 00 

Wood's Theory of Turbines 8vo. 2 50 

9 



Warren's Problems and TheoremB Sto, $2 6 

'' Pi'ojuctluu Drawing ISmo, 

Wood's Co-ordiujiie Geometry 8to, 

'■ Trlgonoinclry ISmo. 

Woolf's Desci-iptive Geometry Royn! Svo, 

MECHANICS-MACHlNEttV. 

Tkxt-books ano Practical Woukb. 

(Set alto EnoiKEEKiKO, p. T.j 

Baldwiu's Sleam BeiiUDg for BolldiogB 13mo, 

BiiQJumiu's Wdiiklea mid Reciites IBmo. 

Cliordal's Letters to Mecbanlcs IStuo, 

Cburch'a Meclianlcs of Eiigiueering Svo, 

Notes Hud Exuinples hi Mecboulra Sto, 

Crebore's Mechnnics of [lie Girder Svo, 

Oromwell'g Bolls uiid Pulleys lamo. 

. Tuotlied Oeariiig lamo, 

Com p ton's First Lcssoni in Metal Working ISmo. 

Coniptoii and De Oroodl'a Bpced Lalbe ISmo, 

Daan'i Elemeuiary Mechuolcs ISmo, 

Dingey's Maclilncry Pattern MaJiing ISmo, 

Dredge's Trims. Exhibits Building. World ETWMilion. 
410. liairmoroeeo, 

Du Bnls's Mechunics. Vol. I.. Kluemalics Svo, 

Vol.11.. Statics Svo, 

Vol. m., Klnolfcs Svo, 

FIIzgemld'sBoKtou Macliliiisl ISmo, 

rlalb fir's Dy nam omete™ ISmo, 

'■ Hope Driving ISmo, 

Bali's Car Liibtical ion ISmo, 

Holly's Saw Rling lOnio, 

Johuson'i Tlicoretlcnl Mecliauics. An Elementary Trealiie. 

Jones's Machine Dealgo. Part I., Kinematics Svo, 

" " " Pari II., Streiigtb and Proportion of 

Muchinc PiirVs 

Lanza's Applied Mecbanica Svo, 

MiicCord'M Einemalics 8vo, 

Merrlninn's Mechanics of Materials 

Metcalfe's Coal of Manufactures 

Michie's Analytical Medianics 

Rlcbardt'a Compressed Air ISmo. 

Robinson's Principles of MecUaulsra Svo, 

Smith's Press- working of Melnls Svo, 

Thnrslon's Friction and Lost Work 

13 



Tburalon's The Animiil as a Mnchlne 12mo, (I 00 

Warrcu'8 MBchiiie Conslruetloii 3 »ols., 8vo. 7 50 

Weisbach's Hydraulics Bnd Hydraulic Motors. (Du BoIb,)..8to, 00 
■" Meclinoics of Engineering. Vol. III., Part I., 

8ec. I. (Kiciii.) Bvo, 6 00 

Weisbacli'a Mechnnies of Engtuwrfng. Vol. HI., Part I., 

Sec. II. (Klein.) Svo. S 00 

Weisbacli'BSleam Engines, (DuBois.)... 8vo, 6 00 

Wood's ADnlytlcol Mechanfcs 8to, 8 00 

" Elemeoiary Mt-cbanica ISmo, 1 S5 

" " " Supplement anil Key ISmo. 1 23 
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JWETALLUROY. 

— Gold— Sii.vau— AtLora, Etc, 



Alka's Tallies (or Iroa AuulysU. 8vo, 

EgleBton's Gold nnd Mercury. Lnrge 8to, 

Metallurgy of Silver Large 8vo, 

* Eerl'B Metallurgy— Copi>er and Iron 8vo, 

• " ■■ Steel, Fuel, etc 8vo, 

KuDbnnh'a Ore Dressing in Europe ..,.., 8to, 

Metcalf'd Sieel— A Mnnual for Steel Users 12mo, 

O'Driatoll* Tieatment of Gold Oi'ea 8to. 

TliUiaCou'a Iron and Steel 8vo. 

" Alloys 8vo, 

Wiisou's Cyanide Procesaes.. , lamo, 



7 BO 
lit 00 
15 00 
1 GO 
S 00 



MINERALOOV AND miSlNQ. 

Mi.sE AccioEfSTB— Ventilation— Ona Dhessino, Ktc. 

Barringer's Minenilsof Commerciol Value.. ..Obloiig morocco, 8 60 

Beard's VeiiillBtiou of Mines ISino. 8 50 

Boyd's Hesourcea of Souib WeBiem Virginin 8»o, 8 00 

" M»p of SouUi WeWeni Virginia Packet- book form, 3 00 

Brusli and Peiitleld's DelennlimUTe Miueralogy. Mow Ed. B»o, 4 00 

Clieater's Cnlalogue of Minerals 8vo, 1 3C 

■' - " " ■■ .PnpDr, 60 

Dletloaary of theNaiueHof Miiierala............,avo, 8 00 

buna's Amerlcnn Localities of Minerals , .:8vo, 1 00 

"' '■ De*cHptlve5Iin«rulugy, (E. B.| 8«o. half morocco. 18 60 

" Mineralogy ami PelrugrdpEiy <J-D,)t tSmo, 3 00 

*"' ■- Mineral* and How lo Study Tliein. (E. 8.) 18iiio, 1 50 

'■ Te«t-book nf Mfueralogy. (E. 8,),..New EdUion, Svo, 4 00 
-'"^Wntoi'tTiinnelliiig, Exploslvva. OjnjpouDdB. and Rock Drilti. 
«> t" •" ■■ 4.-. half . 
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Egleston'a Catalogue of Itlluetuh und Syaooyua 8vo, fa 50 

BlBsler'a Ejcploslves — Nitroglycerine and Dyntunite. 8»o, 4 00 

Easaak's Rock form iuf Minerals, (Smitb.). Small fivo, 3 00 

Ihlseag'g Manual of Mining ...,8to. 4 00 

KvuLiirdtVOrc Drci«lug iu Europe 8vo, 1 90 

O'Driscoll'a Treatment of Gold Ores Svo, 3 00 

• PeuBeld'8 Record of Mineral Tests ..P»i«r. Svo, 60 

HoseubuBcU's MicroHCopical PliyHiography of MloeraU and 

Rooks. (IddiDgs.) 8vo, S 00 

Sanyer'g Accfdcols Id Hinea Large 8yo, T 00 

ilookbddHe'B Rocks KQd Soils Svo, 3 50 

Walke's Lectures ou Explosives 8vo, 4 00 

■WilllHias's Lithology 8to. 8 00 

Wilsop'a Mine Veutilatlon I6mo. 1 9S 

Hydruullc Aud Placer MinlDg. ...ISmo, 3 80 

STEAM AND ELECTRICAL ENGINES, BOILERS. Etc, 



IBINE— LOCOMOTIVK — GaH EnOINES, ETC. 

(Sm aUo Enoikkkeinq, p. 7.) 

Biild win's Steam Heating for Bui Id logs I2rao, 

Clerk's Gas Euftine Small S to. 

Fonl's Boiler Making for Boiler Makers !8n», 

Hemennay's lodlcntor Practice 12mo, 

Hoadley's Warm-blast Furnace 8to, 

Koeiiss's Practice and Theory of the Injector 8ro, 

MatCord's Slide Valve 8vo. 

Meyer's Modern Locomotive Consiructlon 4to, 

Peabody and Miller's Steam-bollera , Sto, 

Peabody's Tables of Saturated Steam 8to, 

" TUennodynamlM o( Ibe Steam Engine 8vo, 

" Valve Gears for the Steam Engine .8to, 

ft Pray'sTweuty Tears with tlie Indicator Large 8vo, 

■ Piiplu and' Osterberg'a Tliermodyn amies 13mo, 

■ Reagan's Steam and Electric Locomotives , .12mo, 

■ ROntgeu'a Thermodyonmlca. (Du Bois.) 8vo. 

B Sinclair's Locomotive Ruanlng IZmo, 

■ Snow's Steam-boiler Praotlce 6vo. [In thepreu.) 

■ Thurston's Boiler Explosions ISmo, 

L ■■ Eugiae and Boiler Trbli 8vo> 

^^^^H Hauuul of the Steam Engine. Part I,, Structure 

^^^^B and Tlieory Svo, 

^^^^P Manual Of the Sleam Engine. Fart II,, Design. 

^^^^^^^ CoDslrucllcsi, and Open Hon 6vo, 

^^^^B» * 3 ports. 



3 00 

4 00 
1 00 
300 
1 BO 
1 50 
8 00 

10 00 
4 00 
1 00 
500 

ag« 

990 

1 as 
a 00 

500 
» 00 



5 00 
600 



SXbUIIBir"^ -'*•—'■ '--r^*** ..13L.. 

KZ • \ S.i ■ - tttXL . . >. 

^« rimniTi r DiiiBi n~ri' --& ' jm. ** - 

- mtSb '■ *>^>*t: ..:r- 

Aii*'» ijMCidr.*-' J.I- - djJju.tit- «• 

;.it-«^ - A^'Tir' \ui ... AJSi- 

I''- * »" •.■»i2 II .•^•. •■i«" ■ .... . _ rsc. 

^ UiUfl>' ' - * . . p u i >^ ^ 

«*«lVi^« -■•■• ... .> . 

. ■ i.*.'- — ;fjv -.--*■»'.: — :ii: .-"T . 

- ^*** •" - 'T.- . ;^. 

*'•''*■ .'IT 

>■' -^ • - ■.- — .:i*. 

o-r- . -• ••■ ■ i'- - iu , :i:. 



:i 



:i 



Emmon's Geological Guide-book of tbe Rocky Mountains. .8vo, |1 60 

FerreVs Treatise on the Winds 8vo, 4 00 

Haines's Addresses Delivered before tbe Am. Ry. Assn. ..13mo. 2 50 

Mott's The Fallacy of tbe Present Theory of Sound . . 8q. 16mo. 1 00 

Perkins's Cornell University Oblong 4to, 1 50 

Ricketts*s History of Rensselaer Polytechnic Institute 8vo, 8 00 

Rothcrham's The New Testament Critically Emphasized. 

12mo, 1 50 
** The Emphasized New Test. A new translation. 

Large 8vo, 2 00 

Totteu's An Important Question in Metrology '. .8vo, 2 50 

Whitebousc's Lake Moeris Paper, 25 

* Wiley's Tosemite, Alaska, and Yellowstone 4to, 8 00 

HEBREW AND CHALDEE TEXT-BOOKS. 

Fob Schools and Theolociical Seminabibb. 

G^esenius's Hebrew and Chaldee Lexicon to Old Testament. 

(Tregelles.) Small 4to, half morocco, 5 00 

Green's Elem Atary Hebrew Grammar 12mo, 1 25 

Grammar of the Hebrew Language (New Edition ).8vo, 8 00 

Hebrew Chrestomathy 8vo, 2 00 

Letteris's Hebrew Bible (Massoretic Notes in English). 

8vo, arabesqne, 2 25 

MEDICAL. 

Bull's Maternal Management in Health and Disease 12mo, 1 00 

Hammarsten's Physiological Chemistry. (Mandel.) 8vo, 4 00 

Mott's Composition, Digestibility, and Nutrilive Value of Food. 

Large mounted chart, 1 25 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 

Steel's Treatise on the Diseases of the Ox 8vo, 6 00 

Treatise on the Diseases of the Dog. 8vo, 8 50 

Woodhull's Military Hygiene 16mo, 1 50 

Worcester's Small Hospitals — Establisliment and Mainteuance, 
including Atkinson's Suggestions for Hospital Archi- 
tecture 12mo, 1 25 
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